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PREFACE 


At a time when paper and typographical skill are alike hard 
to come by, it is proper that an author should be asked to make 
good his claim to have a book published at all. Some justifica- 
tion for this book may be found in the title : Centrifugal and 
other Rotodynamic Pumps, No other work has hitherto ap- 
peared with such a name, because there has been no single 
term in general use which would aptly describe the whole 
group of pumps which the book reviews. Such a term was 
badly needed, to designate not only centrifugal, screw, and 
propeller pumps, but also the entire range of machinery of a 
like nature, e.g. steam, gas, and hydraulic turbines, and fans 
and blowers. A common fundamental principle governs the 
working of all these machines. In every case, the interchange 
of energy between the fluid and the rotating blades depends 
upon the development of tangential acceleration in the fluid 
elements. The author’s suggestion for this missing generic 
word was Rotodynamic, At the time when he communicated 
it to the technical press some years ago, engineers admittedly 
had many other things to think about ; but since nobody 
raised any objection to the word, the author proposes to use 
it until some other self-appointed philologist coins a better 
word. 

Having gone to this amount of trouble to expose the kin- 
ship between radial-flow, mixed-flow, and axial-flow pumps, 
the author has naturally tried to confirm this close alliance 
throughout the book. Although as a matter of convenience 
separate chapters may be allocated to specific types of machine, 
the reader is often reminded that this is hardly more than an 
arbitrary distinction and that a continuous progression can 
be traced throughout the entire range of pumps. In other 
respects the sequence of chapters is based on the belief that 
“ the best way to learn how to make a pump is to make one 
With a minimum of delay, the reader comes upon empirical 
rules for designing and testing pumps of various kinds, so that 
at least he shall have in mind an actual working machine before 
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beginning to analyse its performance. There may be minor 
drawbacks in dividing the material so sharply into sections 
devoted to Principles, Construction, Performance, and In- 
stallation : yet when one remembers the varying needs of users 
of technical books, the disadvantages may be accepted calmly. 
Probably few such users settle down to read the book steadily 
through from one end to the other ; they are more likely to 
consult such particular items as may concern them and ac- 
cordingly tliey may prefer more or less self-contained sections, 
even if this involves some amount of repetition. 

In regard to the treatment of rotodynamic pumps as such, 
the author has tried to develo]) to the fullest jhtch the numerous 
valuable suggestions recently j)ut forward by various writers 
for the use of non-dimensional descriptive terms. Inter- 
nationalism may be welcomed in technical works as much as 
elsewhere ; and one of the best ways of encouraging it is to 
lower the barriers foinied by conflicting systems of units. 
Such liindrances exist even in material intended for English- 
speaking readers : makers and users of rotodynamic ])unips 
usually think in terms of gallons, but the gallon accepted on 
one side of the Atlantic is not the same as the gallon on the 
other side. While not discarding the term specific speed which 
now has so clear a meaning for engineers, tlio author has pro- 
posed an analogous term shape number. To some extent the 
two terms are interchangeable ; but whereas the numerical 
value of the one may b(' influenced by the system of units 
employed and the nature of the liquid flowing through the 
pump, the value of the other is invariable for a given geometrical 
shape of rotor. A further matter in which clarity has been 
sought concerns the distinction made between the use of the 
terms head ” and energy Whenever j)ossible the word 
head is used only in the sense of pressure-liead ; an actual 
quantity that can be measured with a pressure-gauge. Although 
energy in the sense of (uiergy per unit weight can likewise be 
expressed in terms of feet or metres, yet in this context ‘‘ feet ” 
is only an abbreviation for “ foot-])ounds per pound 

As for the general style of presentation, the author has 
seen no need to depart from what has been found acceptable in 
his earlier books. The use of foot units and metric units is a 
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further indication of the desire to present as impartially as 
may be tlie points of view prevailing in Great Britain, America, 
and Continental Europe. The worked-out Examples, collected 
in a separate section at the end of the book, will prove the 
desire to give the most practical possible kind of guidance. 
It is hoped that the Index will be found complete and informa- 
tive, thereby encouraging readers to refer to it at once when 
trying to find their way about the book. As usual, the diagrams 
— ^all specially prepared for these books — are intended to 
illustrate general types of apparatus rather than particular 
machines ; and on this occasion the author would like to 
acknowledge the help given by Mr. Ramadan Sadek. The 
Bibliography calls for a word of comment. Many of the 
papers and articles mentioned therein seem to have very 
similar titles — ^titles which in fact do not give a very precise 
notion of what the paper is about. Although the references (*) 
in the text of the book itself indicate salient aspects of the 
papers cited, it is nevertheless to be remembered that an in- 
dividual paper may liave the nature of a valuable and com- 
prehensive small-scale treatise. It is on this account especially 
that the author is glad to express his indebtedness to the writers 
concerned. 

Some users of this book may tlnnk that undue freedom of 
style has been exercised. In his persistent efforts to make 
liis meaning elear, the author may have strayed too far beyond 
the boundaries of technical English. It is a risk that has been 
deliberately accepted. The author would be gratified if his 
expositions have thereby gained in effectiveness, and he would 
ask for the forbearance of such readers as are sensitive to 
overtones or over-enthusiasm. 

HERBERT ADDISON, 

Giza, 1948 . 
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§ No. S No. 

T’umps — i)oaitiv 0 and roto- Typos of rotor ... 4 

<lynainic .... 1 General classification of roto- 

Fundoniental distinctions . . 2 dyjiamic pumps . . 5 

Accelerating tlie liquid , . 3 Scope and treatment . . 6 

1. Pumps.— Positive and Rotodynamic.— The definition 
of a pump as a machine for lifting water is far too restricted 
for engineering puiposes. Macliines that are unquestionably 
pumps frequently do not lift liquids at all, or at any rate they 
do so only through an insignificant height. Such are boiler- 
feed pumps, forced-lubrication pumps, booster pumps, and 
pumps for hydraulic transmission systems. Moreover, the 
liquid to be pumped may not be water, but may be oil, spirit, 
milk, sludge, or indeed almost anything that can be made to 
move along a pipe. A more appropriate definition would there- 
fore be : a p\imp is a machine which transfers mechanical energy 
from some external source to the liquid flowing through the 
machine. That is the essential point : the energy of the liquid 
must be increased. What ve do with the energy afterwards 
in no way concerns the pump. In a waterworks system, for 
examine, the energy is utilised to overcome pipe friction and 
a gravitational head ; in a fire system the energy is afterwards 
converted into kinetic energy in the nozzles at the end of the 
fire-hoses. 

Pumping apparatus usually falls into the class of either 
(i) Positive pumps, or of (ii) Rotodynamic pumps. 

Positive Pumps invaiiably embody one or more chambers 
which are alternately tilled with the liquid to be pumped and 
then emptied again ; their rate of discharge consequently de- 
pends almost wholly on the speed of rotation and hardly at all 
upon the working pressuie. Such machines, e.g. reciprocating 
ram pumps, gear-wheel pumps, and the hke, do not fall within 
the scope of this book at all. The book is concerned only with — 
Rotodynamic Pumps. The essential element of these 
machines is a wheel or rotor of some kind whose rotating blades 
or vanes impart tangential acceleration to the liquid flowing 
1 1 
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through the pumj). The motion is continuous, without any of 

the reversals of direction which characterise a ram pump. 

2. Fundamental Distinctions. If we wish to raise a 
solid object of weight W through a height i/, the straight- 
forw^ard way of doing so is to apply a vertical force F equal 
and opposite to the downward force of giavity fV acting on 
the body, Fig. 1 (i). But it is not the only w^ay. Alternatively, 
we could apply a horizontal force Pj to the object ; we could 
get the object moving so briskly that it w^mld mount the ramp 
and come to rest at the top, Fig. 1 (ii). Although this second 
proposal looks to be rather an indirect one, it has at least the 
advantage of flexibility. Whereas in system (i) the lilting 



Fro. 1. — Diatiiiclicn botweoii ])rm(i])loh of ]>ositivo pump (i), 
and rotodyiiamK ])ump (ji). 

effort depends strictly upon the weight ol’ the body, in system 
(ii) there is no essential connection between them. If the efforts 
Pj is small, it will certainly take a long time to w ork up sufficient 
speed to enable the object to climb the slope, and the object 
will need a long run. But it will get to the top all the same. 
If, on the other hand, the force available is greater than the 
weight W, then this vigorous push will impart rapid accelera- 
tion and the object will be ready to start climbing very soon 
after it has begun to move. 

Here, then, in the roughest and most general form, is a repre- 
sentation of the basic difference betwwn positive and roto- 
dynamic pumj)s. In the one, the operating force is applied 
directly to the liquid, Fig. 1 (i) ; in the other, the force is applied 
with the intention of generating acceleration in a direction at 
right angles to the general direction of flow, (ii). If we accelerate 

2 
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a solid or a liquid, we know that we are imparting energy to it ; 
and that is the whole pmpose of the pump. 

3. Accelerating the Liquid. On substituting a quantity 
of liquid for the solid object whose behaviour we have just 
studied, there will be various methods of showing how accelera- 
tion can create a pressure-difference ; though whether these 
methods will permit us to impart energy to a continuous stream 
of liquid is another matter. 



Fig. 2. — Systems of (Touting a proHSiiro-difroroiico by aoctdorating a liquid. 


(i) Linear Acceleration, Here we replace the solid object 
by a little carriage on which a horizontal closed pipe of length 
I is mounted, Fig. 2 (i). A set of vertical glass tubes provides 
the means of observing pressure changes. When the carriage 
is at rest, the pressure is uniform throughout the length of the 
j)ipe, (i) a ; but as soon as an accelerating force Pj is applied to 
the car, (i) 6, the liquid tends to lag behind and the liquid in 
the rearmost gauge-tube stands at a higher level than in the 
foremost tube. A total difference of pressure-head h has been 
generated. But it cannot be maintained for very long, for as 
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soon as the car has reached its safe limiting speed, acceleration 
must cease and the liquid columns in the gauge-tubes will return 
to their original uniform level. 

(ii) Radial Acceleration. By setting the horizontal pipe so 
that it can revolve about one end, Pig. 2 (ii), radial acceleration 
will come into play ; in the popular phrase, the liquid is being 
subjected to centrifugal force. This time the pressure -difference 
can be maintained indefinitely, and indeed if the uniform speed 
of rotation is high enough, the apparatus will actually behave 
like a pump. Liquid will flow out of the outermost gauge-tube, 
and it will have been lifted through a height h. 

(iii) Forced Vortex Flow. A better way of subjecting liquid 
to the effect of centrifugal force is suggested in Fig. 2 (iii). 
A wheel with radial blades is rotated close to the bottom of the 
tank ; fixed gauge-tubes show the observer how the pressure- 
head increases as points further and further away from the axis 
are studied. Changes in the speed of rotation of the shaft are 
instantly reflected in changes in the centrifugal head h impressed 
on the liquid. 

(iv) Use of Curved Vanes. A general method of imparting 
acceleration to a stream of liquid is to cause a row of curved 
blades or vanes to move transversely thi’ougli it. In Fig. 2 (iv) 
the liquid is seen moving along parallel passages, until it 
comes in contact with the blades that cut across its path. 
Here is a direct example of the transverse acceleration mentioned 
in § 2. The moving blades have pushed the liquid over side- 
ways ; on leaving the blades, it now has a transverse velocity 
component as well as its original forwards compommt, and this 
transverse component can only have been built up as a result 
of transverse acceleration. Energy has been transferred from 
the blades to the liquid. 

4. Types of Rotor. With a knowledge of the various 
forms of acceleration to which a flowing liquid may be subjected, 
it becomes possible to study the shapes of rotor which will most 
effectively impart the acceleration. Fig. 3 shows in diagram- 
matic outline the three main types in common use. 

They are differentiated by the general or natural diiection 
of flow of the liquid, rather than by the direction of the accelera- 
tion impressed on the liquid. As already explained, the two 
directions are invariably pei*pendicular one to the other. 

4 
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(i) Centrifagal Vinmp, Hero the whecJ generally resembles 
the bJaded elemcjit iliai generated forced vortex flow in the 
apparatus shown in Fig. 2 (lii). The direction of flow is radially 
outwards. In such machines the rotor is usually termed the 
impdler, Fig. 3 (i). 

(ii) Propeller or Axial-flow Pump, The incoming liquid ap- 
proaches the wheel in parallel streams which are themselves 
parallel with the axis of rotation. As a result of the tangential 
acceleration that the blades impose on the liquid, the liquid 
leaving the rotor has a helical or '' corkscrew ” motion. The 



Vir, — T\p( s oi lot or for iotod\ namu piimjis 

blades have the general shape \\e associate with a marine 
propeller, Fig. 3 (ii). 

(iii) Mixed-flow Pump, Intermediate in shape between 
types (i) and (ii), the mixed-flow rotor is designed to leceive 
liquid that approaches axially, and it discharges the liquid 
more or less ladially, (iii). Thus the change in direction of flow 
I’lom axial to radial takes place within the wdieel passages. 

Although three distinct and clearly-defined shapes of rotor 
are depicted in Fig. 3, yet in practice there is a continuous 
gradation of types ranging from pure radial flow to pure axial 
flow. Tliis makes it difficidt and sometimes impossible to place 
a given rotoi* in a specific category. 

5. General Classification of Rotodynamic Pumps. 

Centrifugal, mixed-flow, and propeller pumps have so wide a 

5 
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range of application, and they are built in such a variety of 
types, that there are many ways of classifying them besides 
the primary one that depends upon the direction of flow 
through the rotor. The more usual categories are : — 

(i) Disposition of axis : — 

Horizontal-shaft. 

Vertical -shaft. 

Inclined-shaft. 

(ii) N limber of rotors : — 

Single-stage. 

Two-stage, multi-stage, etc. 

(iii) Type of recuperating device : — 

Volute-pump. 

Turbine pumji, guide-blade i>nmp, diffuser ]>umj). 

(iv) Intensity of pressure^ generated : — 

Low lift. 

Medium lift. 

High lift. 

(v) Disposition of casing, inlet and outlet hrancfies, (tc. : — 

Side inlet, side suction. 

Central suction, balanced .suction. 

Split casing. 

Idange mounted, etc. 

(vi) Materials of construction : — 

All iron and steel. 

All gunmetal (or bronzt*, etc.). 

Bronze-fitted (iron casing, bronze shaft and impolh‘>r, etc.). 
Lead-lined (rubber-lined, etc., etc.). 

(vii) Method of drive 

Belt driven. 

Direct-coupled . 

Goar driven. 

Klectrie-rnotor driven. 

Diesel-6*ngine driven. 

Steam-turbine driven, etc., et<'. 

(viii) Duty, purpose, or distinctive features : 

General-purpose pump. 

Wati^rworks pump. 

Sewage })ump. 

Irrigation pump. 

Drainage jmmp. 

Bore-hole pump. 

Boiler-fee(i pump. 

Circulating-water pump. 

CoiKlensato -t>xt ractioii puin ji . 

Bilge-pump. 

Ballast-pump. 

Fire -pump. 

Trailer-pump. 

Oil, acid, milk, spirit, paper-stock pump, etc., etc. 

Dredge jaimp. 


G 
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Self -priming pump. 

Hydraulic -storage pump. 

"Etc., etc., etc. 

(ix) Proprietary tUles : — 

Manufacturers often distinguish their own products by giving 
them trade names —somotimos rather fanciful ones. 

Evidently, then, quite a long phrase may be needed to give 
a (comprehensive description of a particular pump ; and even 
then it may not be quite precise. Thus the description hori- 
zontal motor-driven direct-coupled low-lift gunmetdl -fitted split- 
casing pump may still leave one in doubt as to the form of the 
rotor. Indeed, the rotor may be so nearly poised on the border- 
line between the centrifugal type and the mixed-flow type that 
it might be misleading to classify it as the one or as the other. 

6. Scope and Treatment. The range of subject-matter 
that a reader may expect in a book such as this one can he still 
better realised when the range of performance of rotodynamic 
pumps is defined. 

Discharges uj) to 10 tons /sec. per pump are not unusual. 

Pressures up to 3000 Ib./sq. in. may be generated. 

Powers up to 30,000 h.p./unit may be absorbed. 

But whatever the size of the pump, the engineer will pre- 
sumably l)e interested in one or more of its several aspects, viz. : 
how it works, how it is built, how it behaves, and how it should 
be installeii ; and the various parts of the book have been 
allocated ae(Jordingly. 

As users of pumps are much more numerous than makers 
of pumps, the needs of pump users have especially been kept 
in mind. Nevertheless, it is hoped that the book will be found 
useful in design offices. Expositions of principles have inten- 
tionally been kept free of involved mathematical analysis ; 
and rules, formula), and graphs have been presented in such a 
way that they can easily be modified to suit the individual 
experience of the designer. The reader is assumed to have an 
elementary knowk'dge of the laws of hydraulics. 
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PRINCIPLES 


CHAPTER I 

THE CENTRIFUGAL PUMP IMPELLER : IDEAL 
CONDITIONS 


Basic conditions 

§ No. 

7 

Graphical ])lotting ol energy 

§No. 

. 12 

Control of flow volocily 

S 

J derived equal ion«» 

. 13 

The datum blade 

9 

Blade form and imj)eller 

por- 

The working blade . 

. 10 

fomnarue . 

. 14 

Energy equations 

. 11 

Allernalive ox})refcsionfi 

. 15 

7. Basic Conditions. Refore we can visualise a 

pump 


actually at work, then* must be a closed casing or housing 
for the impeller to revolve in, and inlet and outlet pipes or 
passages for the liquid. They are showm s(*hematically in 
Fig. 4. As it is extremely helpfid to think fu’st of the natural 
flow of the liquid through the impeller, § 4 (i), before there is 
any question of imparting energy to it, the diagram represents 
the flow under gravity from one ipservoir or tank to anf>ther 
one at a lower siuface level. The impeller, in fact, is not im- 
pelling anything ; we may imagine it provisionally as having 
no blades, but meiely circular discs or ahroiids for guiding the 
liquid radially outwards. Let it be noted that the liquid is 
flowing into and through the pump. The pump is not lifting 
or sucking the liquid. Even when for convenience we set the 
pump above the level of the inlet reservoir, we know that the 
pump does not really di’aw the liquid up to it ; it passively 
accepts what the atmospheric pressure has offered it. More- 
over, when at a later stage we give the wheel the means of trans- 
ferring energy to the liquid, this need in no way affect the 
tranquil flow into the apparatus. 

Under the natural conditions suggested in Fig. 4, the differ- 
ence in surface level between the tv\o reservoirs uill be a 
measure of the energy loss the liquid sustains. Here we may 
disregard frictional losses in pipes and impeller, and take into 
account only the eddy loss — destruction of velocity head — as 

8 
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the liquid issues from the outlet pipe. The conventional 
system of plotting the hydraulic gradient and the energy line 
permits such losses to be readily expressed graphically, and 
this system will be used consistently throughout the book. 

8. Control of Flow Velocity. Let it be stipulated that 
whatever happens to the liquid afterwards, the rate of flow or 
the discharge into the pump is to be maintained at a constant 
value q throughout the whole course of the investigation. On 



Fig. 4. — Free flow of liquid through passages of elementary pump. 

the other hand, the radial velocity of flow tlirough the space 
between the impeller discs may be modified as desired. In 
general, if 

q = discharge through impeller, 

r “ radius of a selected point, 

b axial distance between shrouds at that point, 

Y — radial velocity of flow at that point, 
then, since discharge = area X velocity, we have 

q = 2TrrbY, or 7 = 

lirrb 

1 • 
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The effect of various alterations in the shape of the impeller 
shrouds is suggested in Fig. 5. If the shrouds are true discs, 
set close together as in diagram (i), evidently as an element of 
liquid moves outwards its velocitj^ is not uniform but con- 
tinuously falls away, e.g. velocity Fg is less than F^. As its 
velocity energy correspondingly decreases, and as energy losses 
are here ignored, the hydraulic gradient or pressure -head line 
is seen to rise. By spacing the shrouds further apart, as in 
(ii), velocities are consistently lower. But if, on the other hand, 
the wheel is of var3ring width as in Fig. 4, growing narrower 
towards the outer rim in such a way that the product br is 
constant, then the velocity of flow will be uniform, Fig, 5 (iii). 



Fig. 5. — Influence of impeller Midth, etc., on radial voloi itj (Lniloim 
impell€ir diameter = 2 ft. ; uniform discharge — 5 cub. U./m'c.) 


As in this event the velocity head is also uniform, the hydi*aulic 
gradient is seen to be horizontal. 

In conditions (i) and (ii) it is to be noted that a negative 
acceleration is imposed on the liquid as it flows through the 
impeller. But this acceleration is accompanied by no change 
of energy, and so has no effect on the subsequent working of the 
pump. It is not tangential acceleration. 

9. The Datum Blade. To impart the tangential accelera- 
tion to the liquid which alone will transform the apparatus into 
a pump, there must be a series of blades between the slirouds of 
the impeller : we must give the wheel something to impel the 
liquid with. Not any kind of blade will do. There is indeed 
one particular shape of blade which (in the ideal circumstances 
now in question) will have no effect on the flow whatever. 
Although the shaft and the wheel are rotating at the specified 
speed ; although the liquid continues to flow at a rate of dis- 
charge q just as it did in Fig. 4, yet the liquid levels remain 

10 
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just as they were in Fig. 4. The apparatus is still not pumping. 
The blades seem to behave as shadow or ghost blades — ^they 
slip through the liquid quite inejffectively. 

Using the shape of wheel that gave constant flow velocity 
to the liquid, Figs. 4 and 5 (iii), the geometrical form of the 
‘‘ ghost ” blades can readily be plotted. The construction is 
given in Fig. 6. After successive small equal intervals of time, 
an element of liquid will occupy the successive positions ag, 
^3. . . . The corresponding positions of a point on the impeller 
inner rim are shown at ij, 63. . . . Thus in relation to the 
impeller the liquid element will 
apx)ear to slide along the heavy 
curve 65 — a\ — which re- 
presents the required blade form. 

The curve is seen to be an Archi- 
medean spiral ; or it is comparable 
with the profile of a cam designed 
to give uniform rectilinear motion 
along a radial line. 

A convenient name for this 
particular blade form — ^the form 
that gives zero tangential accelera- 
tion to the liquid — is datum blade. 

10. The Working Blade. An 
actual impeller blade, that really 
does impart tangential accelera- 
tion, will have some s\ich shape as r 1 . ui ^ 

^ of datum blade. 

is given by the line b^d^ in Fig. 7. 

So far from slipping through the liquid like a ghost, it pushes 
the liquid vigorously sideways like a man elbowing his way 
through a crowd. When the liquid enters the impeller at 
j)oint dg, it has zero tangential velocity ; when it leaves the 
impeller at point dg, it has a very sensible tangential velocity. 
Therefore it must have been subjected to tangential accelera- 
tion. Nevertheless the original uniform radial flow component Y 
has in no way been altered. 

Definition of Velocities. Here it is necessary to give dis- 
tinguishing names to the various velocity components involved : 



The original radial component Y = (§ 8) will be termed the velocity of 

flow. 27r6r 
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The tangential component imparted to the liquid is termed the velocity of 
whirl, denoted by F. 

The relative velocity or velocity with which the liquid seems to slide along 
the blade is denoted by 

The absolute velocity or velocity m relation to the fixed casing is denoted 
by C 7 . 

The peripheral or tangential velocity of a point on the blade or impeller 
itself IS denoted by v. 

The angular velocity of the impeller or rotor is w, and the rotational speed 
in revolutions per minute is N, 


A comparison between the datum blade (I'cprodueed from 
Fig. 6) and the working blade, Fig. 7, provides the meajis of 

establishing the ah- 
aoluU path of tlie liquid 
flowing thiough tlio 
wheel. At a given 
radius the circum- 
ferential distance be- 
tween the two blades 
must evidently re- 
present the circum- 
ferential distance 
tlirougli which the 
working blade has 
pushed th(‘ liquid 
sideways ; thus 
~ etc. If the 

points plotted in the 
diagram relate to 
successive small in- 
tervals of time /, then 
at a selected radius 
we can write down by direct measurement, say : — 



Fig. 7 . — Diagram showing •- 

Datum blado a\ a\ a\ a\ 

W oiking blade 65 Cj C4 
Absolute path of liquid dg d^ d^ d^ d^ 


Y = 


Thus, a comparison between the distance do and the distance 
^4 ^5 convincingly shows how the absolute velocity of the 
liquid has steadily increased during its passage through the 
wheel. The relation between the velocity of flow, the velocity 

12 
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of whirl, Iho absolute velocity, and the peripheral rotor velocity 
can be found by a direct graphical or vectorial method. If, for 
instance, conditions at the rotor outlet are to be considered, we 
first choose a suitable scale of velocities, and plot and U 
tangentially respectively to the blade tip and to the absolute 
path. The construction is made clear in Fig. 7. The “ vector 
triangle ” or “ velocity triangle ’’ is a convenient way of stating 
the fact that the relative velocity is the vector difference between 
th(‘ rotor velocity and the absolute velocity of the liquid. 

11. Energy Equations. The effects on the pump per- 
formance of substituting “ working ’’ blades for “ datum ’’ 
blades are very marked (*).t They are : (i) the shaft and rotor 
no longer seem to spin round idly, of their own accord, but on the 
contrary they offer a very positive resistance. Quite a definite 
torque must be exerted on the shaft : energy must continuously 
be fed into it ; (ii) the liquid will undergo an increase of pressure 
as it flows thi’ough the pump. In short, the pump at last is 
behaving like a pump. If the acceleration given to the liquid 
were linear, as it was in Fig. 1 (ii) or Fig. 2 (i), it would be easy 
to evaluate the energy input. If the moving object had unit 
weight, then to accelerate it from rest to a velocity u would 

It u 

need an energy input of ^ viz. ; J where g is the 

acceleration of gravity. But the evaluation of tangential ac- 
celeration is more complex, and may more conveniently be 
studied in Chapter II, § 18. The desired energy equation 
applicable to circular motion can preferably be derived from a 
study of chfiuges of angular momentum. At inlet to the rotor 
the liquid has no tangential velocity component and therefore 
no angular momentum. Fig. 7. At exit from the rotor, at a 
point at radius r where the whirl component is F, the angular 
momentum per unit weight per second is Vrjg, 

If W is the weight of liquid per second flowing through 
the wheel, then change of angular momentum per second = 
W 

— . Fr, which is equal to the torque exerted on the wheel. 

g 

Also energy input to wheel per second = torque X angular 
velocity 


t Tlio aaiorisk (♦) denotes an item in the Bibliography, page 481. 
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( 1 . 1 ) 

(1-2) 



Fig. 8. — Flmiigos of iiiessuru-huad and (*iu*rgy croated in ideal ('oiitrifnga] 
puinp by unpollei as iii Fig. 7, 2 ft. diain., di'liveniig n cub. tt./sec. 

This is one form of the Enlerian equation of energy ; its simi- 
larity to the equation for linear acceleration, above, is very 
evident. 

12. Graphical Plotting of Energy. The manner in 
which the liquid iitilises the energy the rotor has transferred to 
it is depicted schematically in Fig. 8. This diagi^am is identical 
with Fig. 4, except for the changes created by the blades : 
the rate of discharge q or the weight of lic|uid per second W 
remains unaltered. Considering a datum plane which includes 

14 
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the liquid surface in the inlet tank, we can assess as follows the 
energy per unit weight of the liquid leaving the impeller : — 

Pressure energy per unit weight of liquid = H 
(where H is the head or difference in 
level between the two tanks) 


Velocity energy 


^2 

‘^9 


Equating energy input E to energy output, we can write 


E=-- 


^ 2^2 

9 


= H + 


III 

'^9 


(1-3) 


{Sot (. — In ordor to distinguish conditions at difFerent points in the puinp, 
the following siibscrijits arc used — 

(0) refers to conditions at entry to tho pumj) casing 

(1) ,, „ at entry to the rotor. 

(2) ,, ,, at outlet from tho rotor. 

(.‘1) ,, ,, at outlet from the casing ) 


Here it is useful to study the various changes that tho 
liquid undergoes during its jotirney from the inlet tank to the 
outlet tank. Starting with zero energy, the liquid has to ac- 

JJ 2 

quire velocity energy in the inlet pipe by borrowing from 
^9 

its pressure or its position energy. At the impeller entrance 

Y ^ 

the total energy is still zero, and the velocity energy is 

^17 

where Yj is the velocity of flow. As the liquid is now swept 
out of its cofirse by the sidew'^ays thrust of the impeller blades, 
its absolute velocity rises (Fig. 7), its pressure rises, and thus 
its total energy rises still more rapidlv. Of the velocity energy 

^29 


that the liquid has acquired by the time it leaves the im- 


peller, a quantity is wasted by eddying in the casing, and 

29 

U 2 

the remainder is thrown away by eddying in the outlet 

29 

tank. (It is here assumed that 17^ = Yi= Fj ” ) 

The drop in the energy line in Fig. 8 already suggests a 
serious fault in the pump performance. It is impossible to 
apply tangential acceleration to the liquid without increasing 
its velocity ; yet apparently the energy equivalent to the 
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increase in velocity is completely lost. In fact it is not essential 
to dissipate this energy ; it may partly be recuperated by the 
methods described in Chapter IV. But for the moment we 
shall continue to study the elementary foim of pump shown in 
Figs. 4 and 8. 

Other information to be found in Fig. 8 includes the graphical 
construction for determining the inlet blade angle j8 and the 
outlet blade angle y ; the one is taken from the inlet 
velocity triangle ”, and the other from the “ outlet velocity 
triangle ”. The latter is in this instance similar to the velocity 
triangle plotted in Fig. 7. The former embodies the three 
vectors : — 


Vi == inner rim velocity, 

= velocity of flow at impeller entry, 

= relativ(^ velocity of liquid at impeller entry. 

13. Derived Equations. For practical purposes we re- 
quire modified forms of the fundamental eqiiation 1-3 above. 
It is found preferable to eliminate the terms U and F, and to 
introduce a term descriptive of the blade slmpc. The usual way 
of doing so is to utihse the outlet blade angle y, viz. : the angle 
between a tangent to the rotor rim and a tangent to the blade, 
at their point of intersection (Fig. 8). Fiom the velocity 
diagram there reproduced it is clear that 

and that V 2 = V 2 — ¥2 cot y. 

Inserting these values in equation 1-3 results in tlie equation 

V 2 ^ — ¥ 2 ^ cosec ^y 


H 


2(7 


(1-4) 


which gives an ideal value of the height through which the 
liquid could be lifted by the impeller alone. 

The ideal efficiency can likewise be expressed in similar 
terms. Using for it the symbol rj^, we can write : — 
useful energy output j)er second W . H gH 

7ji— “ — 


total energy inj)ut per second 


W 


V 2^2 F 2^2 


(1-5) 


y 


Substituting the values of H and F 2 derived above, we find that 

~ ¥ 2 ^ cosec ‘'^y 


Vi = 


2 v 2( v 2 — ¥2 cot y) 
16 


(1-6) 
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The ideal discharge of the impeller, q, can be put in terms of 
the flow velocity and the impeller dimensions. If is the 
outside diameter, and the axial width, then q =- 7rdj)2Y 2 - 
The relation between rim speed and speed of rotation is : — 

7Td2N 


The ideal output or water horse-power (W.H.P.) is 

WH 

- - — , where Icj^ represents energy per second corresponding to 

tC/p 

one horse-power. 

The ideal power input or shaft horse-power (S.H.P.), is 

„,,re»«d b, ” . (Example 1) t 



Fj(4. 9. — liifliu'iK’o of hha])e on inipi*lh‘r porformanci* 

for foiistant j)eripherul sjKM'd. 


14. Relation between Blade Form and Impeller Per- 
formance. There are two instructive ways of observing how 
changes in the blade sha])e may influence the behaviour of the 
rotor : — 

(i) With constant rotational speed, constant impeller dia- 
me^ter, and constant flow velocity and rate of dischaige, 
we can note how the ideal head varies as the shape of the 
working blade departs more and more widely from the 
shaj)e of the datum blade (§ 9). 

(ii) With constant head and constant impeller diameter, we 
can trace a connection between blade angle, speed, and 
ideal efficiency. 

Method (i) : For these conditions the original datum blade 
drawn in Fig. 6 will ser ve. It is r eproduced in Fig. 9, together 

t See Part E, page 427. 
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with three shapes of working blades (a), (6) and (c), designed to 
give outlet whirl velocity components respectively of 10, 20, and 
30 ft. /sec. The formulae of § 13 permit the corresponding ideal 
heads to be computed, and to be recorded in the diagram. 
Just as we might have expected, the blade form that most 
forcefully pushes the liquid out of its original radial path is the 
one that generates the liighest head H. The greater the curva- 
ture of the absolute path of the liquid, the greater the energy 
required (*). 

Method (ii) : To show the value of a non-dimensional 
approach to the problem (§ 52), we may here adopt a general 
treatment in which velocities are expressed as a ratio of the 
spouting velocity, V ^gH. It is the ideal velocity at which 



Fic. 10. — JjifluoiKO of hlado on v(‘lo(*jty (lia^^ruins : 

and nnpcller diatiietor constant. 

liquid would issue from an orifiee under an ideal head //. 
Choosing a velocity of flow of jV 2gH, and outlet impeller blade 
angles respectively of y - 90 degi'ees, 45 degrees, and 20 
degrees, then from the expressions in § 13 wc* may compute 
the values of speed and ideal efficiency as follows : - 



Outht BUdi 
Aiifih ) 

(*on]»h( lal 
» (1 ? 2 

y^gll 

I(l( A\ 

liffiiU'tK y 

{'0 

20 dc^r. 

l'2f 

o-7:i 

(^0 

ir> „ 

1-00 

O-.'iH 

{<^) 

{>0 „ 

]-o:t 

0-17 


The equivalent impellers and outlet velocity triangles are 
drawn to scale in Fig. 10. Here is information to reinforce 
what was supplied in § 12 and in Fig. 8. The low apparent 
efficiency associated with a large outlet blade angle is evidently 
related to the high value of the absolute outlet velocity U ^ that 
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is clearly shown in the diagrams, Figs. 9 (c) and 10 (c). The 
wheel is throwing away far too much energy, instead of turning 
it into useful pressure head. The need for the recuperation 
devices to be described in Chapter IV becomes still more 
manifest. 

15. Alternative Expressions for Pressure-rise in Im- 
peller. Imagine the impeller to be at rest. Flow is main- 
tained tlirough the passages at the normal rate, and thus the 
conditions in one such passage (bounded by a pair of blades and 
by the two shrouds) are as indicated in Fig. 11. A direct 
application of Bernoulli’s 
theorem provides the value 
of the corresponding pres- 
sure-head difference, thus : — 

Gain in pressure-head t’lG. ll.--Sliapoof ono impollorptw^sage. 

~ loss of velocity energy 



or 




^<7 * 


Nov let the v heel be run up to speed, the flow velocit}^ being 
maintained at its invariable value Y, The forccd-voitex 
motion nov impressed on the liquid (§ 3 (iii)) will generate 
centrifugal head on the liquid, of an intensity : — 


ftc 


-g 




The total difference ot* piessure-head generated by the im- 
peller under working conditions, as the litjuid traverses a 
passage, will therefore be : — 


gi c 




,2 n, 2 


By means of the substitutions in § 13, it follows that 
, y.^cosec^y . 7,*^ ^ , 7f^ 

'*•“ — h — + 


The reason why the jnessure-head diffei*ence h^ is gi'eater than 
the ideal head 11 is manifest from Fig. 8 ; just before entering 
the impeller the pressure -head of the liquid is lower than the 
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(latum level by ati amount which is here assunu^d to be 

IJ 2 

equal to ~ . 

2sr 

Although this treatment is illuminating, it lacks the sense of 
vigour of the earlier method (§§ 11-13). There is nothing to 
suggest that the blade passages are not drilting quietly around, 
whereas in fact they are being very resolutely driven lound. 
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16 . What really happens in the Impeller ? Thus far 
we have studied no more than an idealistic outline of a centri- 
fugal pumping apparatus. The disillusioning process of track- 
ing down flaws in the theory must now begin. There are several 
obvious ones, (i) In the inlet and outlet pipes, Fig. 8, friction 
and the like will certainly steal energy from the flowing liquid, 
(ii) Similar losses will occur in the wheel passages themselves — 
the passages such as are shown in Fig. 11. (iii) The flow 
through the impeller will not be strictly two-dimensional if the 
dished type of impeller hitherto studied is used (Figs. 4 and 8). 

(iv) The blades must be of metal of finite thickness ; their 
thickness cannot be regarded as negligibly small. Modifications 
to velocities and velocity diagrams may thus be necessary. 

(v) Before the liquid enters the impeller passages at all, there is 
a chance that the liquid streams may have been influenced by 
the proximity of the moving blades — ^it may have acquired an 
initial velocity of whiil. 

But the fundamental uncertainty lies here : Have the rotor 
blades in fact impressed on the liquid the tangential acceleration 
we intended them to do ? Only by getting into the closest 
sympathy with the liquid can we guess what the answer is likely 
to be. The liquid does not want to be jostled and bustled. 
It wants to keep on flowing tranquilly along its outward radial 
path. So naturally when the impeller blades threaten it with 
rough and even violent treatment, the liquid will take whatever 
evasive action that is open to it. Suppose w^e try to impart 
tangential velocity components to the liquid in a tea-cup. 
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When we use a tea-spoon as a means of applying energy, we 
can watch the liquid trying to escape round the edges — to leak 
away sideways — ^to do anything rather than submit to being 
stirred or pushed round. In a high-pressure centrifugal pump 
the treatment will be very much more severe. Sometimes the 
whirl component impressed on the liquid is comparable with 
the speed of a golf-ball ; and the liquid is compelled to attain 
this tangential velocity — which may exceed 150 ft./sec. — 
from a standing start in a period of time that may be less than 
5 ^ sec. One must never forget the violence that often accom- 
panies the process of energy transfer. 

17. The Experimental Evidence. Corrections to the 
basic theory called I’or by factors (i) to (iv) above art' discussed 
in the chapters of the book devoted to design and peiformanc’e. 
In regard to (v), experiments with injected streams of dye sug- 
gest that if the liquid streams do acquire a whirl component 
before entering the impeller, it is only to an insignificant extent 
(*). Unless such initial whirl is deliberately encouraged, then, 
§ 19, it may \isually be assumed that the liquid enters the 
wheel radially. 

When comparing the actual whirl comjxment imparted by 
the blades with the ideal component as computed by diagrams 
such as Fig. 8, it is convenient to use the symbols : — 

Fqo = ideal outlet tangential velocity (hitherto denoted 

by F*.) 

Fn = actual component. 


The general line of thought followed in the previous paragraph 
has prepared us to believe that these values are not equal. 
Experimental evidence fully justifies this belief, (a) If in an 
actual pump the head generated is measured, and the ideal 

value of energy input is computed, viz. then the disparity 


between the two is greater than can be accounted for by the 
most generous allowance for energy losses of all kinds. (6) 
Similarly if the power input to the pump is measured, it would 
be found insufficient to generate a tangential velocity of V^, 
(c) A special technique of measmement, by which the magnitude 
and direction of the absolute exit velocity IJ^ can be determined 
(*), shows that the relative angle at which the liquid leaves the 
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wheel is Us8 than the nominal blade angle y. (r/) Experiments 
made under identical conditions except for the niimlxT of blades 
in the impeller give these results : if the blades are fewer than 
perhaps 8 or 6, then the head generated falls away as the blade 
number is reduced, although the speed of rotation and the rate 
of flow remain unaltered. If still more blades were taken 
away— if only one blade remained — then it would tend to churn 
u]) the li(]uid fruitlessly instead of flriving it round. 

18. Evaluation of Tangential Acceleration. In trying 
to explain these discrepancies it is profitable to find a way of 
actually evaluating the tangential acceleration — a problem that 
has l)een lying side-tracked vsiiice § 11. The problem is not 
intractable if we first study a single solid object before passing 
on to streams of liquid elements. In Fig. 12 the object is seen 
sliding with uniform linear velocity Y along a 
straight rod which rotates about a fixed centre 
with uniform angular velocity co. Although 
neither of these motions considered separately 
can create tangential acceleration, yet in com- 
bination they produce all the effects that we 
associate with acceleration. There is a very 
positive means of demonstrating this. If we 
simulate the rod in the diagram by swinging a 
walking-stick round and round, hardly any 
effoit is needed to maintain the motion. But 
if we now slip a heavy iron washer on to the 
stick, and allow the washer to slide outw^ards 
as the stick revolves, quite a sensible retarding 
or braking eft’ect will be noticed. A torq\ie must be applied 
to the stick to maintain its revolutions ; and the tangential 
velocity with which the washer is finally released gives a very 
convincing measure of the eneigy that has been imparted to 
it. But if friction be disregarded, the only force that can 
have been applied to the washer is a tangential one, viz. a 
force P perpendi(*ular to the stick. 

Returning now to the ideal diagram. Fig. 12, we may say : 
At radius r, the object has a tangential velocity v. After a 
small interval of time dt, during which the object has moved 
along the rod a distance dr, the tangential velocity has increased 
to r + dv. 



Fk?. 12. - Solid ob- 
ject uiidcrgoinp 
Coriolis acccl(*r- 
ation. 
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Now il* the rod had not forced the object sideways — if the 
rod had been hinged at point c like a flail, so that the part ca 
moved parallel to itself— then at the end of the interval dt 
the object would only have arrived at point a instead of at 
point 6. Since the angular distances traversed by the rod in 
time dt is codt, evidently the linear distance ah is 

dv m codt • — ■ 'Y * dt • Codtm 

Denoting the tangential acceleration by the symbol a, and 
inserting values in the Newtonian equation 

Distance = J(acceleration) X (time)'-^, 

we have ab — ioL(dt)^ 

or Y , dt , o)dt == ^oL{dt)^ 

from which ; — 

Tangential acceleration OL ^ 2Y IX) . . (2-1) 

In Continental Europe this particular form of ac(*(;leration is 
known as Coriolis acceleration, from the French mathematician 
of that name. Only the simplest examjrle of it has here been 
studied. 

19. Ideal Pressure-distribution in Rotor Passages. 

To reproduce in an impeller the simple radial motion postulated 
in Fig. 12, the blades must be radial likewise. Such a one is 
depicted in Fig. 13 ; otherwise the conditions are assumed to 
be identical with those of Figs. 4 and 8. Fixed inlet guide 
blades may be imagined for imparting to the liquid an initial 
whirl component equal to the inner rim velocity tlnis 
suppressing eddy losses at inlet. If two rows ol‘ glass gauge 
tubes could be set up as indicated, a radial low cc and a cir- 
cumferential one 66, and if some sort of strobosc-opic device 
could be contrived for observing them as they moved round, 
then we should see the liquid columns disposed as shown in the 
upper views. Because of the radial acceleration impressed on 
the liquid, the pressure-head increases from the inner to the 
outer rim of the wheel, § 3 (iii) ; because of tangential accelera- 
tion, the pressure-head increases from the back of one blade to 
the front of the next blade. It is highly instructive to note 
that tangential acceleration has created just the same type of 
pressure diagram that we have already seen associated with 
linear acceleration. Fig. 2 (i) (6). 
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When computing these pressure variations analytically, we 
first study a small element of liquid enclosed between a pair of 
blades and the side plates of the impeller, as distinguished by 
hatching in Fig. 13. Its characteristics are : Radial thick- 
ness = dr ; circumferential length = Z = 27rrln, where n is the 
number of radial blades ; axial width = b ; volume I .b .dr ; 
weight " w .1 .b . dr \ radial velocity ^ Y. Since the normal 
law, force = mass X acceleration, still aj)plies, evidently the 
tangential force required to give the element its tangential 



Tig. 1.‘J. — of tangonlial and radial acceleration on pressuro-diRtribulion 
in radial-bladed ini])ollnr. 


acceleration "lYu) (equation 2-1) will be : wfg . I . b . dr , 2Ya). 
Now the only way in which this force can be transmitti'd from 
the blades to the liquid is by means of the pressure -difference 
prevailing at the two ends of the element ; this pressure - 
difference will have the value : — 


force 


w 27rr 
(j * n 



b . dr 


tv rYN 
‘ 60 ‘ n 
25 


area 
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The corresponding value of differential 'pressure-head ha will 
be : — 


hd 


rYN 
60 * gn 


(2-2) 


It is manifestly identical with the ditferen(‘e between th(' 
pressure-heads at tl\e front and at the back of a blade at the 
given radius. 

20. Differential Pressure-head. Kquation 2-2 clearly 
shows that for the ideal conditions stipulated, the difterential 
pressure head ha prevailing at any radius in the given inipc^ller 
is subject to the following influences : — 


(i) It increases uniformly from the inner to the outer rim 
of the wheel. 

(ii) It varies diiectly as the radial velocity of flow, viz., as 
the quantity of liquid flowing through the lotor. 

(iii) It varies invfrsely as the number ol blades, n. 

Some of these effects are suggested ])i(*t()i*ially in Fig. 13, 
where pressure -heads at various points are ])lotte(l vc'itic'ally. 
It is assumed that along the radial centre-line of the wheel 
passages the i)ressure-head is controlled by the laws of foiced 
vortex flow, § 3 (iii) ; w^hile at a given radius the head rises or 
falls above the mean value in accordance with equation (2-2). 
In Fig. 13 the ordinates relate both to the original late of 
flow of 8 ft. /sec., and to a reduced flow of 4 ft. /sec. In Fig. 
14 the complete enveloping surface is sketched, giving the 
effect of a solid having the shape of a rather odd kind of 
milling -cutter. 

A further analysis of the ideal pressure -dist i*i but ion diagram 
will yield the value of the total dynamic thrust fhat each 
blade exerts on the liquid. Alteinatively, if we multiply each 
element of the tangential force dPa by the radius at which it acts, 
Fig. 13, the result will be expressed as a torque ; and by in- 
tegrating between the inner and outer radii oi‘ the wheel, the 
total torque that the wheel must apply to the liquid will result. 
Finally, total torque X angular velocity work done* on liquid 
per second. But we already have a measure of the energy 
impressed on the liquid per second ; it has the value 

W .E==W (V,vjg V,vM § 13. 
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The fact that there iw exact agreement between values eom- 
jnited by the two methods confirms the underlying principles. 

(Example 2) 

21. Modified Diagrams. The diagrams reproduced in 
Figs. 13 and 14 are still only ideal ones ; they have been con- 
stnicted a(‘cording to assumptions that experiment shows to be 
unjustified, § 17. Yet they are useful in exposing fairly clearly 
wheie errors may lie. There is a dubious look about the parts 
of the diagrams that purport to represent conditions at the inlet 
and outlet tips of the blades. Just befoie entering the blade 



Fig 14 JdoaliM'd ropn sent a- Fit*. 15.- Suggestions for jilotting true 
tion ot clistiibution of |>r(‘s- jm'ssuie and veloeit\ distribulion in 

sure h(*ad, ( oiiesponding to loloi passages 

l^’ig 1.), ladial M*lo(it\ 
r — S f < . s<H* 

passages, the liquid uas assumed to have a mean pressure-head 
of ; yet immediately alter entering the passages, the effect 
of the differential piessuie-head is to cause the total pressure- 
head to rise or fall l^elow this mean value. How can the liquid 
be induced to accept almost instantaneously these changes? 

Another point of criticism is this : if the diagrams are 
indeed conect, and if the differential pressure-head persists 
right up to the blade tips, then surely the liquid s natural gift 
for evasion will enable it to leak round the blade tips, from the 
high-pressure to the low-pressure zone. We can be pretty sure, 
then, that the true diagiam will be more likely to resemble 
Fig. 15 (i) than Fig. 14 ; that is, the pressure -difference fades 
away to nothing at the blade tips. 

27 



ROTODYNAMTC PUMPS 


§22 

22. Actual Pressure and Velocity Distribution. An 

iniporianl rouse (lueiu’e follows the disclosure of the reduction 
in area of the pressure diagram, Fig. 15 (i). The method sug- 
gested in § 20 for assessing the work done on the flowing liquid 
showed very distinctly that there was a direct relation between 
the area of the pressui'e diagram and the energy given to the 
liquid. If the corrected diagram has a smaller area than the 
ideal one, then the real energy given to the liquid is less than 
the assumed value E. It follows tliat the real value of the 
tangential velocity component is less than the ideal 
value Foo • which is just what experiment proves, § 17. 

We proceed to question another assumption underlying 
Figs. 13 and 14, viz., the assumption that the radial velocity 
of flow Y was miiform at all points at a given radius. Let us 
trace the distribution of energy along the hatched element of 
liquid shov7i in the plan view. Fig. 13. The pressure-head or 
pressure energy increases continuously as we proceed from one 
blade to the next ; the velocity energy is necessarily uniform 
because the velocity is luiiform ; thus the total energy must 
necessarily vary from point to point. On the other hand, since 
each element of liquid at a given radius has received the same 
tangential acceleration, there should be uniform energy at all 
points at that radius. There is a flat contradiction between 
the two results. 

One way of resolving the disagieement is to abandon the 
belief in uniform radial velocity and to admit that near the 
back of a blade the flow velocity thiough the passage is gieater 
than it is near the 1‘ront of a blade ; the resulting vaiiation in 
velocity energy might then just compensate i’or the undoubted 
variation in pressure energy. The accompanying flow pattern 
would then have the form sketched in Fig. 15 (ii) (a) ; the 
crowding together of the liquid streams near the back of the 
blade (ii) {b) suggests the lelatively greater flow velocity in that 
region. 

23. Theory of Counter-rotation. Another line of ap- 
proach also supports this hyi)othesis of non-uniform velocity 
distribution. It depends upon another manifestation of the 
liquid’s stubbornness : of its refusal to budge if it can possibly 
help it. The circular element of liquid selected in Fig. 15 (iii) 
(c) cannot help being swept sideways by the rotor blades and 
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thrust outwards by the bulk flow through the wheel ; but it 
refuses to be twisted round as well. If viscous forces are dis- 
regarded, there seems to be no means of rotating the element 
about its own axis. A diameter that is originally pointing 
(say) north-east will retain that orientation. During the in- 
terval of time required to bring the element from position (c) 
to position (d), one end of the diameter will travel a greater 
distance relatively to the rotor passage than the other end, which 
exactly agrees with the type of velocity variation depicted in 
Fig. 15 (ii) (a). 

A gramophone can be used to demonstrate very convincingly 
this effect of counter-rotation. On the turntable is set a little 
circular tin-lid containing a few millimetres depth of water : 
this simulates the circular element of diagrams (iii) (c). A 
match-strlk floated on the water represents the diametral line. 
When the turntable is cautiously released and begins to revolve 
slowly, the match is seen to hold its direction — at least during 
one revolution- almost as insistently as a compass -needle. 
Although in relation to the room the match has not changed 
its orientation, yet in relation to the turntable it has rotated 
in the opposite sense. Applying this analogy to the liquid in 
the wheel passages, we may accept the view that there is a 
cuculation impressed upon it, complementary to the general 
outward flow. This secondary motion, suggested in Fig. 15 
(iii), not only accounts for the greater radial velocity near the 
back of the blades, but it also offers a reason for the reduction 
in the outlet whirl component Vn compared with the ideal 
value Foq. The difference between the two velocities might 
be accounted for by the backward tangential component of the 
secondary circulation. 

24. Influence of Number of Blades. (*) When ad- 
vamdng from the simple radial-bladed wheel. Figs. 13-15, to 
the type of impeller with curved blades used in actual centri- 
fugal pumps, there is no reason to abandon the conclusions 
already established. We may accept for this impc'ller also the 
general picture of pressure and velocity distribution presented in 
Fig. 15. Diagram (i) in Fig. H> sliows how the ])ressure-]iead 
steadily rises as we proc(‘ed from the back of one blade to 
the front of the next ; diagram (ii) sliows that velocity varia- 
tions have an opposite tendency. Comparative outlet velocity 
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triangles show the distortion that results from using the true value 
of outlet tangential component, F„, in place of the ideal com- 
ponent, Fqq. The way in which the distortion is linked up with 
the number of blades will now be apparent, too. If this number 
were infinitely great, none of the infiuences studied in §§ 22, 23 
could have any effect ; the liquid would be so positively guided 
that the velocity diagram (shown in broken lines in Fig. 16) 
could not but conform to the blade angles of the impeller. As 
the blades become progressively fewer, so does their control 
relax until in the end they can do no more than impaii; to the 
liquid the tangential velocity which is less than the ideal 
value Fqo by an amount x. 

The significance of the distinctive subscripts and ,, is now 
apparent ; V ^ is the tangential velocity that an infinite number 



of blades would impart, while Fn is what in fact the finite 
number n imparts. In pump design it is naturally a mattej- 
of the highest impoi-tance to be able to estimate the latio 
between the two, § 93. If we know that a value V n would 
correspond with the actual energy increment we desire to give 
to the liquid flowing through the rotor, then we design the 
blade outlet angle y in accordance with the ideal value Fqq. 
The difference between the angles y and y^ is the ])ractical 
expression of the whole of the arguments developed in the 
preceding paragraphs. An impeller based on the blad(' angle y 
might reasonably be expected to generate the head we cx])ectcd 
of it ; an impellei’ based on the angle y,, might only creaiea 
head equivalent to 60 or 70 per cent, of our expectations. In 
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otlier wo](Ls, the true relative velocity of the liquid leaving 
the impeller in not tangential to the tips of the impeller 
blades. 

25. Some Other Possibilities. There remains an alter- 
native theory to explain the discrepancy x between the values 
Fqo and Vn- R assumes that the relative stream in the impeller 
passages breaks away from the back of the blade as suggested 
in Fig. IG (iii), leaving zones of dead liquid near the rotor outlet. 
Since this live stream now has a reduced effective cross-sectional 
area, its lelative velocity will be raised above the hitherto- 
accepted value, and the resulting effect on the outlet velocity 
triangle is clearly indicated. Quite apart from any question 
of counter-rotation or the like, § 23, the corrected whirl com- 
ponent Vn ^ill he less than the ideal value. It is highly probable 
that this mggested type of flow disturbance actually does occur 
in conditions of reduced discharge, § 204. 

Fig. IG (iv) serves as a reminder that we have been on very 
doubtful groxuid in continually assuming that, while under the 
influence of the impeller blades, the liquid elements always move 
each one in a plane perpendicular to the rotor axis. Manifestly 
in the impeller shown in the diagram such a supposition will 
not be true. As the liquid flowing into the wheel passages 
alteis its direction from an axial course to a nearly radial 
course, it seems probable that a kind of free vortex motion 
may result, with the consequence that the relative velocity w'ill 
b(' greater at j)oint (a) than it is at (6). Corresponding addi- 
tional complexities in the pressure-distribution over the blades 
may thus be expected, § 33. 

26. Average Blade Loading. By this time it should be 
fairly clear that it would be very difficult to construct, for an 
actual impeller with curved blades, the pressure diagrams that 
in Figs. 13 and 14 served for ideal impellers with radial blades. 
Yet some knowledge of what the differential pressure -head is 
likely to be is so useful that even a rough estimate is better 
than nothing at all. (Such an estimate might be made thus : — 

Ijct Fa represent the total resultant dynamic thrust on 
the blade. Fig. 17, 

Pf ^ the tangential component of this thrust, 

da ~ the area of the blade projected normally to P^, 
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ttf — file area of the blade normal to viz. the area 
projected on a diametral plane, as shown by 
hatching in the diagram, 

Tg the radius of the centre of gravity of the area 
Pig. 17, 

— the horse-power delivered to the liquid. This 

V . U IP VnV, 

may be taken as — . , 

K 9 

T torque exerted on each of the n blades, 

Now work done per second on the liquid -- P ^ . kj,. But work 
done per second also - total lorque X angular velocity. 
Therefore 


Pw • ^ 

= n . Pt . Vg X 27rN/G0, 



from which the value of 
may be extracted. 

Also the distances la and 
It in Fig. 17 may be taken to 
represent respectively the areas 
a a and . from w hieh it follows 


Kia. 17. — Estimation oi dynamic thriisi .i x P 
on a blado.^ ~p ^ 

As Pt is already known, we can say that : — 


I d 
It 


(U 

ui 


P P 

Average differential pressure-head = 

tta at 

As the value so obtained does not profess to be more than a 
rough approximation, its utility for comparative puiposes will 
be improved if it is expressed in the form of a ratio — ^the ratio 
between the average differential head and the total head 
generated by the pump, U, 

In this book the ratio will be teimed the relative blade 
loading or simply the blade loading. Denoted Ijy the symbol 6, 
it has the value : — 


6 = ^ 

^ H' (Examples) 

27. Dynamic Depression Head. A significant feature of 
the pressure diagrams, Figs. 13-15, is that each of them suggests 
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that the ]X)int of minimum absolute pressure anywhere in the 
impeller does not occur at the blade inlet. On the contrary, 
as we follow the liquid as it traverses the back of a blade, we 
notice that there is a distinct fall in pressure-head before the 
curve begins to sweep rapidly upwards. These areas of de- 
pression, in which the x>r^ssure is less than it is just before the 
licpid enters the imj)eller passages, are indicated by horizontal 
hatching in the diagrams. In this book the maximum de- 
pression, i.e., the difference between the head at entry, and the 
minimum head anywhere on the blade surface, will be termed 
the dynamic depression head, Fig. 15 (i). It will be denoted by 

^dd- 

It seems likely that there will Ije some lelationship between 
the dynamic depression head and the average differential 
pressure -hei.d h^] if has a high value, quite probably h^d 
will also have a xnoportionately high value. Since we have 
already admitted that for all practical purj)oses it is not possible 
to plot the true pressure distribution diagram, the only way of 
assessing the actual value of hdd will evidently be an indirect 
one. The need for arriving at some sort of estimate becomes 
pressing when questions of maximum permissible suction lift 
have to be settled, Cliapter XVI. 
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28. Three-dimensional Flow. If the term mixed-flow 
provokes the question : “ Mixed with what ? ” the answer is : 
mixed with an axial component. All the rotors now to be studied 
differ from those hitherto examined in that the liquid, while 
flowing througli the wheel })assages, invariably has an axial 
velocity component in addition to its radial and tangential 
components. Already we are familial* with such an axial 
motion before the liquid comes within the zone of influence of 
the blades : if we look at any of the relevant diagrams illus- 
trating Chapters I and 11, it is evident that the liquid must 
flow end-wise in order to get into the impeller at all. But we 
have taken it for granted that the liquid turns through a right 
angle and begins its purely radial motion before it is ready to 
receive energy. Already, though. Fig. 16 (iv) and the accom- 
panying ex})lanation, § 25, have shown that such an assumption 
might not always be justified. Now we no longer pretend to 
uphold it : it is specifically understood in this chapter that 
whatever else the liquid is doing — whether it is moving away 
from the axis or around the axis of the rotor — it must also be 
moving j)arallel with the axis. 

Fig. 18 shows how easily a distortion or dishing of a 
normal radial-flow impeller may introduce the new velocity 
component. At (i) there is pure radial flow ; at (ii) and (iii) 
we see in section and in perspective the same wheel after it 
has been pushed over sideways. Although the liquid at a 
selected point still has its original radial velocity component 
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and tangential component F, it now has in addition an 
axial component that can be designated Fa- 

29. Directive Surfaces. Unless a suitable routine can be 
framed for dealing with these new complexities, they threaten 
to grow beyond the range of the simple treatment appropriate 
for this book. We must contrive some orderly system for 
bringing under analytic control a miillilude of liquid elements 
all moving very rapidly through the rotor, each element having 
its own particular radial, tangential, and axial velocity com- 
ponents. 

The first step is to assume that in their progress through the 
rotor passages the elements are guided not only by the metallic 
walls of the rotor but also by 
imaginary intermediate sur- ^ 

faces. We may term the 
metallic* walls control surfaces 
and the imaginary partitions 
directive anrfaces. Examples 
as found in a radial -flow im- 
peller are illustrated in Fig. 

1 8 ( 1 ) . We do not admit t hat 
the licpiid has the right to 
wander at mil anywhere 
within the impeller ; on the 
contrary, we regard the 
elements as being constrained 
by the imaginary disc-like 
partitions to keep each in a 
given radial plane. Just as 
white lines on the surface of’ 
a highway maik out traffic-lanes for road vehicles, so do the 
control surfaces and the directive surfaces keep each liquid 
element within its own appointed passage. Just as there may 
be “slow ’’ and “fast ” traffic lanes, so also we shall find it 
convenient to imagine slow and fast passages for the liquid. 

Some possible shapes of directive surface are sketched in 
perspective in Fig. 19. We liegin at (i) with the original disc- 
like plane surface associated with ladial flow. Fig. 18 (i). Next 
there is the conical surla(*e (ii) which resulfs from dishing the 
flat surface (i), as in Fig. 18 (ii). It thus becomes clear that 
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each directive surface must necessarily be a surface of revolu- 
tion ; it can be generated or swept out by causing a line lying 
in the plane of the rotor axis to rotate about that axis. If the 
generating line is a straight one, then according to its inclination 
it will strike out either (i), a disc, or (ii) a cone, or (iv), a cylinder, 
Fig. 19 ; while a curved generating line will produce a trumpet- 
shaped surface (iii). 

Radial-flow rotors, i.e. centrifugal pump impellers, are repre- 
sented by Fig. 19 (i) ; mixed-flow rotors are represented by 
Fig. 19 (ii) and (iii) ; axial-flow rotors are represented by 
Fig. 19 (iv). 

30. Types of Mixed-flow Rotors. The nomenclature of 
mixed-flow rotors is still rather indeterminate, but at least the 


/"“'v a; (ii) (ill) (tv) 



Fio. ]9. — Typos of dirootivo 8urfafo«> On oadi burfaoi' tbo absolnto patli of 

the liquid is shown. 


terms now to be proposed will consistently be used throughout 
the book. 

(а) Diagonal-flow Rotor, As shown in Fig. 20 (a), the blades 
project from a central conical boss ; both the control surfaces 
and the directive surfaces are cones, as in Fig. 19 (ii). 

(б) Screw Rotor. Here in diagram (6) the sui faces are 
generated by curved lines, as in Fig. 19 (iii). 

(c) Mixed-flow Centrifugal Pumj) Rotor, Diagi'am (c) shows 
that the generating line AOB is still more curved, with the 
result that by the time the liquid leaves the wheel its axial 
velocity component has di'opped almost to nil. 

A sharp distinction between types (a) and (6), and type (c), 
is that in the fiist two the rotor blades aie secured at one end 
or side only ; the outer* control surface is the stationary surface 
of the pump casing. The unsupported edges of the blades 
work with a small running clearance against this surface. On 
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the other hand, type (c) in Fig. 20 still has two side plates or 
shronds as in a radial -flow impeller ; but now one of the shrouds 
is very much “ flared ’’ or opened out in order to provide a 
sufficiently great inlet area. It is on this account that it is 
convenient to recognise a well-established convention and to 
admit that a pump embodying such a rotor shall be termed a 
centrifugal pump. 

Whatever the shape of the wheel, we have to think of the 
imaginary directive smfaces as being “ nested ” one within the 
other like an assembly of plant-pots of assorted sizes. 

31. Meridional Plane : Meridional Velocity Com- 
ponent. (^) On comparing the orthographic projection of 
directive surfaces, Figs. 18 (i) and 20 (c), with the perspective 
views, Fig. 19, it becomes clear that the intersection of any one 
of the imaginarj" suifaces with the plane of the drawing or 
page will mark out the original generating line. This plane — 
the diametral plane which includes the rotor axis — ^is termed 
the meridiojial plane. The reason is as follows : if the generat- 
ing line were a semicircle with its centre lying on the rotor 
axis, it would sweep out a spherical surface ; and if we compare 
this surface with a very much larger one — the earth’s surface — 
we rec’ognise that the intersection of the diametral plane with 
the (nearly) spherical earth s surface would represent a meridian 
of longitude. 

In another way also this analogy helps in describing motion 
over a directive suiface. Motion over the earth’s surface can 
be resolved into two components : a north-south component 
along a meridian of longitude, and an east-west component 
along a parallel of latitude. The second of these is a tangential 
coni])onent ; the first can very properly be named the meridional 
(jomponent. Thus the rotodyuiamic directive surface, Fig. 19 
(i), suggests a polar region of the terrestrial surface, while 
Fig. 19 (iv) corresponds to an equatorial belt. 

The separation into two components is only imperfectly 
indicated in Fig. 19. On each of the directive surfaces there is 
shown the track or absolute path of a liquid element, and at a 
selected point of each track a tangential vector shows the 
tangential velocity component and a horizontal arrow suggests 
how the meridional vector would appear as foreshortened by 
the needs of perspective. 
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32. Analysis of Flow. The meridional velocity can 
itself be lesolved into a radial component F, and an axial 
component Yaj Pig. IH (iii) ; these together give a measure of 
how much liquid is flowing through the rotor. But we are as 
much concerned as ever with the tangential component F which 
helps to tell us how much energy is being given to the liquid, 
§11. In shaping the blade surfaces, it is still essential to plot 
velocity diagrams as in Fig. 8. These were two-dimensional 
diagrams. But even now, although we have a three-dimensional 
problem on our hands, a tvo-dimensional diagram is practicable 
if we plot it on a suitable plane tangential to the appropriate 
directive surface. 



Fia. 20.- Exain])los of inixod flou rotors. 


Suppose we intend to study conditions at the point 0 of the 
centrifugal pump lotor shown in Fig. 20 (c). Touching the 
directive surface AOB at this ])oint is a plane 1)0 perpendicular 
to the meridional plane (the plane of the paixjr), and inteisected 
by the rotor axis at D. In diagram (c) the vector OM truly 
represents the meridional velocity ; but it also lejnesents an 
end view of the velocity diagram we are now seeking. If viewed 
from the direction of the arrow Z, viz. normally to the new 
plane of projection OD, then the V(docity diagram would be 
seen to have the true shape of Fig. 20 (d). The diagram shows 
that at the selected point 0 : the blade suidace is moving with 
tangential velocity v \ the liquid has an absolute velocity JJ ; 
the liquid has a velocity relative to the blade surface of v^. 
The whirl or tangential velocity component V could also be 
sealed off. In order to draw the corresponding local blade 
shape, it would be permissible to assume that at least for a 
short distance the directive surface w^as c*onical, struck out by 
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a generating line DO. When unrolled or developed, this surface 
would have the flat circular form of Fig. 20 (d), and on this 
surface a short length of the ideal blade could be sketched, 
parallel with the relative velocity component v^. 

33. Ideal Distribution of Meridional Velocity. Now 
there arises the question : how in fact aie we to compute the 
value of the meridional velocity at any selected point in the 
rotor ? [n the case of ptue radial flow, § 8, we had to depend 
wholly upon a knowledge of the discharge q flowing through the 
rotor, and of the cross-sectional area 27rr6 of the annular water- 
way. We took it for granted that the flow velocity qj^irrh was 
uniform at all points at a given radius, viz. that in each of the 
annular traffic-lanes of Fig. 18 (i) the liquid elements were 
moving outwards at the same speed. Such an assumption 
concerning the rotor of Fig. 20 (c) certainly could not be justi- 
fied ; already it has been ruled out for a much less developed 
exam})lc of three-dimensional flow. Fig. 10 (iv). 

A preliminaiy impression of how an ideal liquid will dis- 
tribute itself can be formed by neglecting friction and the dis- 
turbing effect o1 impressed whii‘1 components ; we may studj 
the flow lx)lore the blades are inserted, as in § 7. Referring to 
the mixed-flow centrifugal pump rotor show^n in Fig. 21 (i), 
the generating lines for the various diicctive surfaces are 
sketched in so as to fulfil a certain condition : and this condition 
concerns the I’elation between the generating lines and the 
transverse lines ee that intei'sect them at right angles. The 
two sets of lines together form a grid or* netw’^ork ; and if the 
mesh were sufficiently fine we can see that each mesh would 
have the shape of a tiny rectangle. If dx is the length of the 
tiny rectangle measured along the generating line, dy is its 
transverse dimension, and r its mean distance from the rotor 
axis, then the stipulated condition is that the ratio dxjdy is 
directly proportional to the radius r. 

Naturally a fairly lengthy process of trial and error will 
be necessary before this requirement is fulfilled at all points. 
But in the end the completed diagram, Fig. 21 (i), will enable 
us to say that tlie total llow^ of li(|uid through the rotor will be 
equally divided between the annular sjiaces delimited by the 
directive surfaces. Sup])osing, that is, that the metallic control 
surfaces and the imaginary directive surfaces have partitioned 
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off the rotor volume into n spaces, then the flow through each 
of them will be qjn. 

The estimation of meridional velocity at any point is now an 
easy matter. At the selected point at radius r' we measure 
the transverse width 6' of the traffic lane, and compute the 

value 

shown that the “fast” traffic-way o o, is near the outer 
shroud of the rotor, while the “slow ” traffic-way i— i is near the 
inner shroud. 

34. Blade Shapes for Mixed-flow Rotor. To deter- 
mine the blade form for the rotor shown in Fig. 21 it is neces- 
sary to carry out at a number of points the construction for a 



Fig, 21.’ — ]VIotliod of oslablishmg blndo loiin lor inixod flow 
<^*entnfugal pump roU)r. 


specimen jioint that was desciibed in § 32. For example, we 
might choose three points on the inlet edge ol’ the blades, and 
three points on the outlet edge, these lepresenting i!es])eclively 
the points of inlet and exit of liquid elements travel sing the 
middle of each traffic-way. Fig. 21 (ii). We know, or we can 
readily compute by methods already ex])lained, the values for 
each point of the meridional velocity and the peri])heral 
blade velocity v, § 13. While passing through the rotor, all 
the elements must receive identical and knowai energy incie- 
ments JiJ V^v^lg, from whic*h corresponding values of tan- 
gential components V 2 , ciin be extracted. By measurement of 
the six resulting velocity triangles, as in Fig. 8, the mean inlet 
and outlet blade angles appropriate foi* the three traffic-ways 
may be set off, and each pair ol* angles connected by its own 
smooth curve, Fig. 21 (iii). The comjJete blade surface can 
finally be fitted over these guiding lines much as the skin of a 
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ship is fitix'd over the curved ribs. It is to be noted that wliile 
Fig. 21 (iii) is intended to show a true axial view of the impeller 
blade, Fig. 21 (ii) only represents a projection of the blade on 
to the meridional 'plane, § 99. 

When the rotor actually gets to work with real liquid flowing 
through it, there will only be the actual metallic surfaces of 
shrouds, casing, and blades to guide the liquid. If, as explained 
in Chapter II, the liquid is not too submissive even to such 
positive control, how much notice is it likely to take of purely 
imaginary directive surfaces 1 It is one thing to mark out 
traffic lanes on a highway ; it is quite another to make each 
driver keep within his allotted lane. So in regard to the liquid 
elements we cannot promise more than this : that at least we 
have given them no incentive to wander or weave ” out of 
their destined path. Since the blades have been designed to 
transfer added energy at a uniform rate, common to all the 
traffic ways, the liquid elements have nothing to gain by 
attempting transverse explorations along the lines ee. In any 
event we must not forget the provisional nature of the basic 
flow-net. Fig. 21 (i), nor the fact that it will inevitably suffer 
distortion as soon as the blades begin to impress whirl com- 
ponents on the liquid. 

35. Axial-flow Rotors. When the flow through the rotor 
is controlled (or assumed to be controlled) by cylindiical control 
and directive surfaces, Fig. 19 (iv), the complexities of design 
appear to be mitigated. Radial velocity components are now 
wholly absent ; the meridional velocity becomes identical with 
the axial component ; and ideally the axial component is 
uniform at all points in the rotor. Henceforward the designa- 
tion velocity of flow will serve equally well either for or for 
Ya, and its value can at once be comp\ited from the equation 
of continuity, § 36. 

In Fig. 22 a 4-bladed axial-flow rotor is shown working 
within a cylindr ical fixed casing, lifting liquid through a vertical 
height H, The two specimen cylindrical directive surfaces 
sketched in perspective relate respectively to a point near the 
rim and a point near the boss. In accordance with our belief 
that no pre-rotation exists, § 17, the absolute velocity vectors 
at inlet, having the magnitude Ya = Ui, are drawn vertically ; 
but as a result of the tangential acceleration that the blades 
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have impressed on it, the liquid when leaving the rotor has a 
helical or corkscrew motion. Tt is to be noticed that near the 
boss the absolute outlet velocity vector U^a is much more 
sharply inclined than it is near the rim, JJ^h- 



Fig. 22.- Flonieiilary typi' ot pump. 


36. Blade Form for Axial-flow Rotor. Unrolling or 
developing the directive surfaces of Fig. 22 yields the flat 
strips seen in Fig. 23 (i). On these the velocity diagrams and 
blade forms may be constructed thus : — 



Fig. 23.— Volocity diagrams, and di^vejojx'd dirc'ctive siirfacos, 
for axial-flow rotor. 


Assuming that Vj, = outer radius of blade =--- radius of outer 
directive surface, 

Ta — inner radius = radius of inner directive 
surface, 
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then 
also if 


then 


Vj, = outer peripheral blade velocity = 2'jTr^j60, 
Va== inner peripheral blade velocity = 27rroiV'/60, 
E = energy in foot-pounds per pound to be 
transferred to liquid, 


outer exit whirl component 


gE 


gE 

V a =- inner exit whirl component — — , 

Va 


and ^ a = velocity of flow = axial component 

= ahkTh - >•«*)• 

All information is now ready for plotting the inlet and outlet 
velocity diagrams, and the blade profiles are drawn parallel, 
at inlet and outlet, to the respective relative velocity vectors, 
Fig. 23 (i). 

If we had been interested in “ datum ” blades instead of in 
“ working ” blades, §§ 9, 10, such that no energy was trans- 
mitted to the liquid, then the developed blade profiles. Fig. 23 
(i), would have been straight lines, and the blades would have 
had a true helicoidal form. 


37. Efficiency and Axial Thrust. Still accepting the 
ideal conditions that applied throughout Chapter I, we can 
now compute the vertical height through which the rotor has 
raised the liquid elements. From equation (1-3), § 12, this 
distance is not uniform for all the elements, because the absolute 
velocity of rejection, f/g, is not uniform. As just shown in 
§ 36, since the blade’ peripheral velocity varies directly as the 
radius, then the tangential velocity at exit must vary inversely 
as the radius. In other words, the velocity distribution in the 
space above the rotor fulfils the law oi free vortex flow , and that 
is why the ideal free liquid surface is correspondingly curved, 
Fig. 22. This ideal curvature is identical with the emvature 
assumed by water which has formed itself into a vortex or 
whirlpool when escaping through a circular hole in the flat 
bottom of a tank. 

If we assume that the liquid finally flows away at the level 
it attains at the outer rotor periphery, Fig. 22, then the efficiency 
of the apparatus is not very high ; an amount of energy repre- 
sented by Aj in the diagram is w^asted in eddying. 

In regard to the tangential component of the total load on 
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each blade, the rough method described in § 26 is equally 
applicable here. It is evident from Fig. 23 (ii) that now the 
total load as well as the axial component are both much 
greater than the tangential component itself, P^. The value of 
this axial component, Pa, has an important influence on the 
design of the pump, for a thrust bearing must be provided 
capable of taking the quite considerable gross thrust on all the 
four blades of the rotor. 

38. Aerofoil Type of Axial-flow Blading. An inter- 
esting alternative treatment of blade thrust depends upon the 
view that the blade may be likened to an aerofoil, i.e. the wing 

of an aeroplane or the 
‘^4 blade of an airscrew. We 

^ ^ are the more disposed to 

/ follow up this comparison 

^ p — / r ^ because of the disparaging 

^ remarks about a solitary 

Q _ Q blade that were made in 

^ § 17. Are not the axial- 

^ ^ blades illustrated in 

22 and 23 spaced so 

r* \ far apait that they are 

Pa \ \ themselves virtually soli- 

\z\ tary ? At any rate they 

/5 do not seem very well dis- 

A f I 1 posed for giving mutual 

riC!. 24-. — bon os on aorofoil and <>ii ])inn]) ^ r> o 

blade. support onc to the other. 

So it is reassuring to be 
offered the chance of comparing the propeller of a pump with 
the propeller of an aircraft ; if the widely-pitched blades of the 
airscrew do not seem to handicap it, then we may be less 
dubious about the blades of the axial-flow rotor. 

In truth a solitary element of the proper shape is by no 
means to be derided : it can give a very good account of itself. 
In Fig. 24 (i) such an aerofoil is represented moving with velocity 
U through a mass of stationary liquid. The chord length is 
measured as shown, and has the value c ; the span or length of 
the aerofoil in a direction at right angles to the paper is h ; 
while the angle of attack, or angle between the chord and the 
direction of motion, is denoted by a. 
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MIXED-FLOW AND AXIAL-FLOW ROTORS §39 

The total force or reaction of the liquid on the moving aero- 
foil, of intensity P, can be resolved into components parallel 
with the direction of motion oo and normal to this direction. 
They are denominated respectively : — 

Drag, D, is the parallel component, 

Lift, L, is the normal component, Fig. 24 (i). 


39. Forces on Blade Element. The Drag and the Lift 
on the aerofoil may be evaluated from the expressions : — 


Drag D C.) . le . . c . — 

Lift L - Cx.w.b.c. 


g 

t/2 




(3-1) 


where Cj^ is the drag coefficient, and 6^ is Ihe lift coefficient. 
Their values depend chiefly upon the shape of the aerofoil and 
upon the angle of atta(‘k, a. 

The tvork done second, or energy expended in unit 
time in foj’cing the blade thi-ough the liquid against tlie re- 
sistance of the drag component, will manifestly be ex- 
piessed by U . D. 

'Jlic lower diagram, (ii) in Fig. 24, shows the aerofoil turned 
over until it has taken up the posture of a propeller -pump 
blade. We may noAv regard this diagram as a side view of the 
blade element that is distinguished by hatching in Fig. 22 ; 
and ve observe that the position has been adjusted so that the 
original datum hue oo is now parallel with the inlet relative 
velocity e,j as obtained from the appropriate velocity diagram. 
Since the vector nvi hi diagram (ii) corresjiouds with the vector 
U in diagram (i), anc may expect that the ioimulse (3-1) above 
will still hold good, provided that v^i is substituted for U. 
But the expression (?^i . D) now only tells us what is the energy 
per second dissipated in overcoming the drag ; to obtain the 
value of the total energy absorbed in forcing the blade element 
through the liquid we must use the expression v . where v 
is the peripheral velocity of the element and P< is the tangential 
com 2 >onent of the total thrust P, Fig. 24 (ii). 

If, therefore, we feed into the blade element a total amount 
of energy per second v . P^, and we waste an amount r,., . D, 
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then presumably the net energy received by the liquid is 

(?; . Ft - . I>). Of this net quantity, some has been used 

y^2 

up in increasing the velocity energy of the liquid from — — to 

, Fig. 23 (i), and so we may say that the balance represents 

the increase of pressure -head impressed on the liquid. The 
argument is a good example of the general policy laid down in 
§ 3 (iv) : we fiist make sure of supplying energy to the liquid, 
and only afterwards do we ask what happens to the energy. 

To compute the gross energy that must be fed into the rotor, 
it will evidently be necessary to repeat the process for other 
blade elements, and to sum up the contributions that each part 
of every blade can offer. Similarly the total axial thrust, that 
in § 37 was computed by an approximate method, might now 
be estimated by summing the various values of the individual 
thrusts Pa on each element. Fig. 24 (ii). 

40. Comparisons between Radial-flow and Axial-flow 
Rotors. Although the pumps so far studied are as yet in an 
immature and undeveloped form, it may already be profitable 
to compare their respective behaviour. The machines shown 
in Figs. 8 and 22 respectively have the following data in 
common : — 


Rotor diametor . . . . . . . 2 ft. 

Peripheral epoed at outer run ..... 30 ft. /hoc*. 

Velocity of flow ....... 8 ft. /hoc*. 

Ideally they w oukl give the following performances 



(VntiiluKcil 

(lladial-tlow) 

Fumn 

Pro]M‘lh r 
(Axial How) 
Pump. 

Ideal lift (fc'ot) . 

11-4 

2*5 

iJischarge (cub. ft. /sec.) 

50 

18-9 

Niimbor of blades 

8 

4 

Blade loading c (§ 26) 

0-73 

1-95 

End thrust on rotor, lb. 

0 

480 


While, then, the centrifugal pump seems to be bettiu* 
suited for generating high pressui-es than the propeller pump, 
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yet the axial-flow pump can deal with much larger volumes 
of liquid. 

41. Corrections to Simple Theory. In regard to mixed- 
flow and axial-flow pumps, the theories advanced in this 
Chapter aie on a level with those applied in Chapter I to radial- 
flow pumps ; they relate only to ideal rotors having an infinitely 
great number of blades. In Chapter II it was shown that as 
the blades of an impeller became less and less numerous, other 
things remaining equal, so also did the tangential velocity im- 
pressed on the liquid progressively diminish. If that was true 
when the blade number was reduced to (say) eight, we cannot 
expect any mitigation of the process when the rotor only has 
foiu- blades, as it has in the axial-flow pump shown in Figs. 22 
and 23. To form a correct impression of the behaviour of the 
axial-flo ,v rotor, § 35, or the mixed-flow rotor, § 34, therefore, the 
respective velocity diagrams will require correction on the lines 
of the modification illustrated in Fig. 16. The actual whirl 
c()mj3onent Vn impressed on the liqtiid elements, which is what 
ultimately determines the rate at which energy can be fed to 
the liquid, will invariably be less than the ideal velocity as 
scaled from the velocity diagram applicable to an infinite 
number of blades. 

It is possible that the effect of counter-rotation, § 23, 
may be slightly different in the axial-flow rotor from what 
it was in the radial-flow rotor, Fig. 15 (iii). The arrow in 
the plan view in Fig. 22 suggests that the relative velocity 
Vr 2 b of the liquid over the blade at the outer radius will be 
increased, and reference to Fig. 23 (i) shows that this will 
necessaiily reduce the value of the corres])onding outlet 
whirl component Vzb ; so at least in this resi)ect the effects 
are comparable. 

Other matters that will require study when real rather than 
ideal pumps are to be built include : — 

(i) It will be vain to expect the simple types of velocity 
distribution postulated in §§ 33, 35. The metallic control sur- 
faces of the rotor do not merely guide the liquid — ^they very 
materially influence its local velocity. If we never find uniform 
velocity prevailing acT'oss a diameter of a long straight circiilar 
pipe — if the local velocity near the pi})e walls is invariably less 
than it is near the pipe axis — ^it is inevitable that some similar 
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tendency will be manifest in the annular passages of the rotor. 
Thus in the three traffic- ways depicted in Fig. 18 (i), there will 
not be the uniformity represented by the equal arrows Yr ; on 
the contrary, we may expect faster motion in the centre one 
than in the outer ones. 

(ii) When we return to reality after studying the ideal single 
aerofoil, §§ 38, 39, we shall remember that the rotor has multiple 
blades, and that their influence one upon the other may sensibly 
modify the original theory applicable to a single aerofoil. 
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THE RECUPERATOR: THE COMPLETE PUMP 


§ No. § No. 

The rasing and its duties . . 42 Comparative comments . . 46 

rrinci])les of recuperation . 43 Screw pumps and half -axial 

Diffuser or guide -ring . . 44 pumps . . . .47 

Volute casing . . . .46 Propeller pumps . . .48 

Some revised conceptions . . 49 


42. The Casing and its Duties. A rotor can only effect- 
ively deliver energy to the liquid flowing through it if there are 
proper means for guiding the liquid into the rotor and for col- 
lecting the liquid as it comes out again. Crude forms of casing 
wore indicated in Figs. 4 and 8 ; but it is by no means sure 
that the inlet and outlet passages had the best possible shape. 
At any rate they seemed to be responsible for a considerable 
waste of energy — a waste that was graphically represented in 
Fig. 8. The reason for the loss was explained in § 12 ; the 
fundamental principle of the rotodynamic pump requires the 
liquid in the rotor to be accelerated, and unless the resulting 
velocity energy is carefully guarded the liquid cannot profit by 
it. The increase in velocity energy is a valuable by-product of 
the process that we can no longer afford to neglect. 

The recuperator is that part of the pump casing that lies 
between the rotor outlet and the pump outlet or delivery 
branch ; and it is so called because it provides the opportunity 
for the recuperation of pressure-head — ^for the conversion of 
velocity energy into pressure energy. The types of casing so 
far proposed failed in this object tecause they were the wrong 
shape ; now our aim is to develop improved shapes. In this 
way, without any increase whatever in the energy input to the 
pump, we shall increase the useful energy output. The rise in 
pressure-head which it is the purpose of the pump to generate 
will be carried out in two steps : (i) in the rotor thei*e will be 
a rise of A,, (ii) in the lecuperator there will be an additicmul 
gain of hg. 

To be successful, the planning of the recuperation process 
requires a frame of mind wholly different from what has hitherto 
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prevailed. While the liquid is actually within the rotor passages 
we can be as masterful as we like ; but it is useless to be au- 
thoritative when once the liquid has escaped into the casing. 
It is the liquid that has the upper hand now : it has collected 
its full quota of energy, and only by applying the right treat- 
ment can we coax it into yielding up again the additional 
pressure -energy ve are seeking. If we are brusque or incon- 
siderate, the liquid will show its displeasure in the usual way — 
it will throw away energy. 

43. Principles of Recuperation. (*) The liquid enters 
the recuperator of a rotodynamic pump with velocity f/g— the 
absolute velocity of rejection from the rotor — and it leaves the 
recuperator with a much lower velocity U .^ — ^the velocity at the 



Fig. 2.'). — Principle of rccii])cration in < in nlar ]) 1 ]H's. 


delivery branch. The basic problem is to conduct this relarda- 
tion as gently as possible. Two general systems are available : — 

(i) Diverging Conical Passage, Fig. 25 shows alternative 
^ methods of coupling a small circular pipe to a larger (‘ircular 

pipe. In the one, (a), the transition is abrupt ; in the other, (5), 
the transition is gradual. Although the initial and final velo- 
cities Vi and V 2 , are the same in both eases, yet the i‘ec‘U))eratiou 
of pressure-head is very different in amount. The sudden 
enlargement (a) only yields an increment of pressure-head 
that is less than half of the original siqqily of velocity energy, 
and at least half of this supply, hi, is wasted in eddying and 
turbulence. On the other hand, in the gradual enlargement (t) 
we lose relatively little on the exchange. An expendilure of 
energy of hi yields a gain of pressure -energy of* //,/. 

(Example 4) 

(ii) Vortex Chamber. This is the name given to an annular 
type of recuperator specially adapted for centrifugal pumps, 
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Fig. 26 ; it consists of two fiat parallel plates set the same 
distance apa.rt as the width of the impeller mouth. Liquid 
elements enter with the flow and whirl components derived 
from the impeller, and thereafter the motion is governed by the 
conditions of free vortex flow, viz. uniformity of energy. In 
consequence the elements follow a spiral path as shown in 
the diagram ; the absolute velocity progressively declines as 
indicated by the vectors, and 
the corresponding ideal pressure- V Energy 

recuperation is plotted in the g 1 I 

upper view. (Example 5) ^ -5 ! ^ 

In practice the vortex cham- ^ j 

her or whirlpool chamber is not | ^ ^ |l I 

nearly as satisfactory as this : j Recuperator 

the Tcc’iperation is relatively — 

imperfect, resulting in quite per- | 
ceptible energy losses. Taking I pr I 

advantage of its freedom to go ! \ 

where it likes, the liquid seems \ 

to grow confused and uncertain, . \ 

and the flow is not uniform | \ \ 

around the circumference of the j \ \ 

chamber. * \ 


Recuperator 


Kecuperators for (!entri- ' Y 

FUGAL Ti mPS 

r 

44. Diflfuser or Guide-ring. ^ 

If the vortex chamber is fitted Fi«. 20.— ideal changes of vt^locity 

•xi f> 3 a u 1 i tn*d luvssurodioad in vortex 

Avith fixed vanes adapted to , ' 

chamber. 

guide the liquid positively along 

its spiral path, Fig. 27, then the resulting recuperator is 
known as a dijfuser or guide-ring or diffuser-ring. It thus has 
affinities vith both of the two systems described in § 43 ; we 
can regard it either as a modified vortex chamber, or else as a 
series of curved divergent passages, Fig. 25 (6), disposed around 
the impeller rim. In Fig. 27 the diffuser is seen applied to the 
original pumping outfit of Fig. 8, and it discharges into an 
annular casing of increasing cross-section which ultimately 
conducts the liquid to the pump delivery branch. 
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Its effect on performance is most marked. As compared 
with the original casing which w'asted a head of 6*2 ft. and 



F^ig. 27. — Diagram showing how }M*rfonnanre of simplt* pump iii Fig. S is 
improved by addition of difluser-ring. 



Fig. 28. — Types of volute easiiig.s (i), variable-velocity (ii), constant velocity. 

yielded no pressure-increase in return, we see that now the 
energy loss has been brought down to 2 ft. while the head 
regain is 4-2 ft. Thus the pump now raises the liquid 
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through a total height of 15*6 ft. instead of 11 *4 ft. as formerly. 
Yet this additional useful lift is a, free gift ; it involves no extra 
poVer input to the pump-shaft. 

45. Volute Casing. (*) (a) Variable-velocity Volute, If 
the diffuser-ring, § 44, may be likened to a series of diverging 
passages, might it not be permissible to use a single diverging 
passage wrapped round the entire circumference of the rotor ? 
The resulting casing would then have the shape suggested in 
Fig. 28 (a). It is not difficult to proportion the successive 
cross-sections of the volute in such a way as to encourage the 
desired gradual retardation 

of the liquid, from velocity t 

Ug to velocity U3. Remem- • 

bering that the liquid escapes j / 

uniformly all round the im- ^ j / 

peller circumference, we ob- -70^ « ;/ ^ 

serve that at point (1), for 5 ^ // ^ 

example, the volute has to .7 ^ 

accommodate one-quai*ter of O !j 

the total flow, at point (2), *^7 ,, jj 

one-half of the flow, and (3), ^ 

three-quarters of the flow. ^ 1 1 

rn. __ 3 ... (C v-r^l|l'' , -r y ^ 


where 


represents the 



mean tangential velocity of Fig. 29.— Energy and pressure-head linos 
. for THiinp with volute. 

the liquid in the casing. 

(b) Constant-velocity Volute, In the alternative form of 
volute, Fig. 28 (6), the two functions of the casing are separ- 
ated : a circumferential part merely collects the liquid without 
attempting to modify its velocity, while a conical outlet branch 
identical with the tapered pipe enlargement. Fig. 25 (6), carries 
out the pressure recuperation in the most effective manner. 
The cross-sectional areas at the points (1), (2), etc. are there- 
fore contrived so that everywhere the mean liquid velocity v^ 
is the same as the outlet whirl component Fg. 

Either of the casings can be relied upon to improve the 
pump jx^rformance in the manner indicated in Fig. 29, which 
may be compared with Fig. 8 and Fig. 27. 
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46. Comparative Comments. (^) The best way to design 
the most efficient recuperator is not necessarily to think only of 
the maximum amount of pressure-head we can recover ; if we 
concentrate rather upon keeping down energy losses to the mini- 
mum, then automatically that will ensure the greatest measure 
of head recuperation. As in all similar hydiaulic devices, there 
may be energy losses due to eddying and turbulence, and those 
due to friction. In the original casing that was condemned as 
a recuperator, Fig. 8, eddying accounted for the whole oi’ the 
loss ; this eddying or state of extreme turbulence was caused 
by the impact between the fast-moving stream issuing from the 
impeller and the (assumed) nearly stationary liquid in the 


casing. 

In the variable-velocity volute, Fig. 28 (a), conditions vary 

from point to point. At (1) the 
^ liquid in the casing is assumed 
^1 ^ I to have nearly the same velocity 

y ^ fhe liquid leaving the im- 

(i) (ii) peller, so that shock losses are 

\ \ \ \ relatively small. On the other 

\ \ \ \ hand, the friction loss is high 

[ITT [Tl M because of the relatively high 

^ ^ i speed with which the liquid 

moves over the casing walls. 
* ^ ^ ^ But at point (3) the tendencies 

Fig. 30. — Volute cross -sections based i .1 1 . . , i 

on (0, umform voloc-.ty reversed: the relative eddy 

butioii (11), free vorfox flow. loss has increased while the 

friction loss has diminished. 

There are no shock losses in the constant-velocity volute. Fig. 

28 (b ) ; friction seems to be predominant, for everywhere in the 

circumferential part of the casing the liquid velocity has the 

very high value of Fg. Is this indeed true ? ]s the velocity 

uniform over any cross-section of the volute ? This seems to 

be extremely improbable. Even in a straight pipe we do not 

expect uniform velocity -distribution ; in a curved pipe we 

certainly do not get it. 

If, then, we make the quite justifiable assumption that the 
liquid near the inner part of the volute adjoining the imjieller 
is moving faster than the mean filaments in accord with the 
laws of free vortex-flow, § 43 (ii), then the mean velocity 
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may be less than is imiicated in Fig. 28 (6). The successive 
cross-sections can be rather more generous than those shown 
in the original diagram, with the result that the friction loss in 
the volute will be materially less than we feared. Fig. 30 (i) 
shows the cross-section (a) of the volute based on the original 
assumption of uniformly-distributed flow ; Fig. 30 (ii) shows the 
greater area (a'), based on free-vortex flow. (Example 6) 
In regard to friction losses in the vortex chamber, Fig. 26, 
it will be noticed that these grow more serious as the flow 
velocity of the liquid sinks. The smaller the radial velocity 
component, for a given tangential component, the longer 
becomes the curved path traced out by liquid elements before 
they escape from the annular chamber. One of the advantages 
of the ditfuser blades, Fig. 27, is that they can be shaped to 
divert th^^ liquid quickly to the outside of the casing and in 
this way shorten the path. Naturally the inlet tip of the blades 
must be set parallel with the outlet absolute velocity vector 
U 2 of the liquid leaving the impeller. 


Recttpekators for Mixed-flow and Axial-flow Pumps 

47. Screw Pumps and Half-axial Pumps. Tw o types of 
casing are available for the screw rotor illustrated in Fig. 20 (6). 



Fjg. 31.“ Ho(Mi])orators for (i) screw pump, (ii) half -axial pump. 


If the recuperator has the form of a volute, § 45, then the com- 
plete machine is entitled a screw 'pump. Fig. 31 (i) ; if the 
recuperator is in line with the rotor axis, then the title half-axial 
pump is preferred, Fig. 31 (ii). Like so many terms associated 
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with rotodynamic machineiy, these distinctive names are not 
universally recognised, but they will be used consistently 
throughout this book. 

The only radical diiference between the volute shown in 
Fig. 29 and the one in Fig. 31 arises from the difference in the 
relative volumes of liquid they have to handle. As is easily 
visible to the eye, the screw-pump volute has a much wider 
passage than the centrifugal pump volute has. A minor point 
is that in Fig. 31 (i) the liquid has a considerable axial velocity 
i_ . component at the moment 

of entering the casing, 
whereas no such component 
is apparent in Fig. 29. A 
special type of recuper- 
ator, Fig. 65, § 101, can 
effectively deal witji this 
axial component (*). 

In the recuperator for 
the half-axial pump, Fig. 
31 (ii), the liquid flows be- 
tween an outer pear-shaped 
casing and an inner con- 
centric cone which also 

_ - ^ houses a tearing ibr the 

rotor shaft. Guide-vanes 

Fia. 32. Kotor and rocuporator for pro- divide this annular space 
i)oller pump. . . i p 

into a number of passages, 
the inlet edges of the guide -vanes being adapted to the angle 
at which the liquid leaves the rotor blades. The outlet edges 
of the guide-vanes are formed so as to deliver the liquid axially 
into the delivery pipe. 

48. Propeller Pump. An axial-flow rotor, § 35, together 
with its recuperator, may be termed a propeller pump or an 
axial-flow pump. The recuperator, Fig. 32, combines the 
principle of the diverging conical pipe, Fig. 25 (6), with that of 
the guide-vanes used in the half-axial pump, Fig. 31 (ii). 
Not only is the outer casing flared out, but the inner fixed boss 
is likewise “ flared ”, tapered or stream -lined. The diagram 
gives an impression of how the inlet angle of the guide-blades 
varies from point to point along a radius, in harmony with the 
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changing inclination of the outlet absolute velocity vectors, 
Figs. 22 and 23 (i). As in the half-axial pump, the guide- 
blades serve also as webs which tie together the outer casing 
and the inner fixed boss. 

Comparison between Figs. 22 and 32 suggests how effective 
the recuperator should be. The inequalities of pressure-head 
explained in § 37 have now l)een smoothed out, the overall 
energy loss has in this instance been reduced to 0*4 ft., and the 
useful lift has risen from 2*5 ft. to 3*3 ft., without increase of 
energy input. 


The Complete Pump 

49. Some Revised Conceptions. With a knowledge of 
the main hydiaulici requirements that the pump components 
must fulfil, we should be ready to proceed with the mechanical 
design of these elements, as explained in Part B of the book. 
For the moment it may be worth while to notice how the ele- 
mentary equations that represented pump performance in § 13 
are already in need of correction. Thus the expression for head 
generated (1-4), takes no account of the additional head fur- 
nished by the recuperator, and the expression for efficiency 
(1-6), is likewise inadequate. But even if one were to add to the 
head generated in the impeller the head regained in the casing, 
the sum would not yield a figure that would agree with test-bed 
results ; there remain energy losses in the impeller that must 
still be evaluated and taken into account. 

Although we shall expect to find that the effect of the im- 
peller blade angle on the pump efficiency is less marked than 
appeared in § 14, yet it seems probable that the dependence 
of the one on the other has not been wholly suppressed. Select- 
ing, for example, the impeller having a 90° outlet angle. Fig. 10 
(c), we observe that the liquid leaving the impeller mouth is 
carrying away with it an amount of velocity energy equivalent 
to 53 per cent, of the energy originally given to it. The corre- 
sponding figure for the 20° impeller («) is only 27 per cent. 
We admit that the complete pump in which the im})ellers are 
mounted will include a recuperating device, but we are quite 
certain that conversion losses will occur in that device. As it 
seems likely that this loss will bear a fairly constant ratio to the 
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quantity of energy to be converted, we conclude that the 
overall energy loss associated with the 90° blade angle will still 
be more serious than when the angle is reduced to 20°. 

As for the general relationship between the rotor and the 
recuperator, it may be pertinent to refer again to the original 
basic diagram. Fig. 1 (ii). Although that diagram was never 
intended to give more than a very broad impression, we now 
realise that the function of the recuperator does closely corre- 
spond to the function of the ramp that converted the velocity 
energy of the moving solid into potential energy. It is also 
useful to trace once again the track of a liquid element on its 
way through the pump. We might })iece together in their 
correct relative positions, for example, the tracks plotted in 
Figs. 7 and 26. Although they are both c*urved paths, it is 
important to n^member that while traveisiiig the rotor passage 
the liquid clement is steadily increasing its tangential velocity, 
while in the recuj)erator the tangential velocity is continually 
diminishing. The pressure-head rises rapidly in the rotor, and 
relatively slowly in the recuperator. The total energy inci’eases 
quickly while the liquid element is in the rotor passage, and 
perceptibly falls in the recuperator. 

In brief, the rotor puts the whirl component into the liquid, 
and the recuperator takes most of it out again. 
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50. Need for Non-dimensional Standards. Roto- 
dynamic pumps can be built in a very great variety of sorts 
and sizes. The rotor may look like a wheel or it may look like 
a screw propeller. It may be small enough to go into a coat 
pocket or it may be so large that only a crane can lift it. The 
speed in revolutions per minute may be 50 or it may be 10,000. 
The pressure-difference generated may be 1 Ib./sq. in. or 500 
Ib./sq. in. The liquid may flow through the pump at the rate 
of a cu])ful per second or at the rate of 10 tons per second. 
When designing or choosing a pump, moreover, the engineer 
has not only to adapt himself to this extremely wide range of 
performance : the peiformance itself may be described by a 
vai iety oi’ combinations of units. The pressure-difference may 
be stated in terms of pounds per square inch, feet head, metres 
head, atmospheres, kilograms per square centimetre, and so on. 
The flow may be expressed in litres per second, gallons per 
minute, millions of gallons per day, U.S. gallons per hour, cubic 
feet or cubic metres per second, etc., etc. Finally there are 
numerous ways of specifying the density, viscosity, and tem- 
perature of the liquid to be pumped. So it seems as though 
the task of effectively comparing one pump with another might 
be formidable. 

51. Guiding Rules. Nevertheless the consistent basic 
principle that underlies the operation of all types of rotodynamic 
pumps should encourage the search for a solution. From 
other branches of Hydraulics and Fluid Mechanics, too, we 
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might liud useful guidance. These suggest two general rules : 
(i) To discard if necessary the units that serve for commercial 
and industrial purposes and replace them by a mathematically 
consistent system, e.g. feet head, cubic feet per second ; or 
decimetres head, litres (cubic decimetres) per second ; or metres 
head, cubic metres per second, and so on. (ii) To escape when- 
ever possible from the tyranny of irrational units by using 
non-dimensional ratios to describe the pump and its performance. 
The resulting group of pure numbers will then be independent 
of the system of units preferred by the pump user or the pump 
manufacturer, and if possible they will be unaffected even by 
the size of the pump. 

Such a quest will lead to a highly desirable goal. Just as 
a golfer uses a numeral to describe the shape of a golf -club, so 
an engineer can use a number to specify the propoi-tions of a 
pump rotor. The experienced player knows when he must 
take a number 3 club and when he ought to try a number 8 
club. Similaiiy the engineer versed in non-dimensional terms 
will know that for a boiler -feed pump he should choose a rotor 
described by the number 60, whereas for a low-lift drainage 
pump he would do better to keep within the range of numbers 
300 to 800. 

The variables primarily involved, and that must first be 
converted if necessary into the correct units, are usually : — 

Speed, N, revs, per min. 

Head, //. 

Discharge, Q, 

Mean diameter of rotor at outlet, c? 2 . 

Mean outcT peripheral velocity, or rim s])eed, of rotor, 

Width of centrifugal pump im])eller at outer diainetei, tg- 

Velocity of flow of liquid, Y, 

52. Width Ratio, Speed Ratio, Flow Ratio.* These 
simple expressions reveal the relationship between two variables. 

(а) Width Ratio, This is the ratio : — 

Width of impeller mouth ig 
Diameter of imi)eller dg 
It is denoted by the symbol A. 

(б) Speed Ratio, Although we (*annot directly compare a 
head with a velocity, we can compare a given velocity with the 
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velocity which the given head would ideally generate. An object 

falling freely in vacuo through a height H would acquire a 

velocity V 2gH ; similarly a liquid escaping from an orifice 

under a head H would attain an ideal velocity of V 2gH, 

This value V'ZgH is sometimes termed the spouting velocity ; 

it serves as a useful standard of comparison. 

. Peripheral velocity v- 

The ratio - 7 ; : — : — = , — 

Spouting velocity \2gH 

is termed the speed ratio and is denoted by 

(r) Flow Ratio, 'J'his is the name given to the ratio : — 

Velocity of flow Y 

Spouting velocity ^/2gH 


It is given the symbol ip. 

53. Conditions for Unchanged Efficiency. Advancing 
now to the more general problem of comparing (say) pump (A) 
with pump (*), and using the subscripts and to distin- 
guish them, we can make little progress so long as the respec- 
tive performances are expressed in their original forms : 

Ha, and Qa ; and Niy, Hjy, and (? 5 . At least in one respect 
the two machines must be brought to a common basis. We may 
ask, for instance, how the pumps would behave if they both 
worked under the same head or if they both revolved at the 
same speed. Su(‘h a proposal at once raises the further question, 
is it fair to the pumps to ask them to work under conditions 
for wliich they were never designed ? 

Such solicitude for the pump’s rights and privileges is wholly 
commendable. But the machine will have no cause for com- 


plaint. Nothing unreasonable will be demanded of it. We 
say to the pump, in effect : when working under the new head 
you need not necessarily run at the old speed : you can choose 
your own speed. What speed is the pump likely to prefer ? 
Surely the one wliicli shows it to be the best advantage : the 
speed which still enables it to run with undiminished efficiency 
if this is possible. By studying the original and the modified 
outlet \elocity diagrams. Figs. 8 and we find that the 
necessary conditions are 

(i) Sinc*e it is still essential that the velocity diagrams shall 
conform to the blade angles of the rotor, then the triangles 
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must be geometrically similar. Using the subscript ^ to denote 
the new or standard conditions, we can write : — 


h 

V2 



Y, 


Y, 


(ii) Since the pump efficiencies are to remain unaltered then 
V,v 

ga 


it follows from § 13 that Prom (i) above, this 

V2V2 VxVx 


can be put in the form 
the form — — — i. 


P 2^2 


gH, 

• P2 • ^ac 


which reduces to 


(iii) Since, in a given impeller, Q cc Y, Y cci\ and N cc v, 
we see that Q cc N. 



(iv) Since power, P, de- 
pends upon W . H Qw U , 
§ 13, then from (ii) and (iii) 
it follows that P cc N^. 

In brief, the conditions 
for unaltered ideal efficiency 
under changing h(*ad are that 
the speed ratio and the flow 
ratio, § 52, remain unchanged. 
This implies that 


Fig. 33. — Effect on \olo(ity diagrams 
of speed vanation. 


The discharge will vary directly as the speed, N. 
The head will vary as the square of the speed, iV-. 
The power will vary as the cube of the speed, N'^. 


Although these ideal relationships will serve for general purposes 
of comparison, the true relationships are slightly modified by 
the effect of friction, etc., § 220. 

54. Geometrically-similar Rotors. The conceptions of 
standard head and standard speed only take us part of the way 
along the road to complete equality of opportunity. Even if 
a small pump and a large pump were both to be tested against 
the same standard head, the small pum]) would still feel at a 
disadvantage. The next step is cleai- : we must compaie 
pumps of standard diameter : we must study the behaviour 
not of the actual rotor, but of an imaginary larger or smaller 
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one of standard size. Naturally the actual rotor and the stand- 
ard one must be identical in shape and proportions : they 
must have the same blade angles, the same widlh ratio, § 52, 
and in short they must be built from the same working drawings 
except for the scale. The subscript ^ will distinguish the per- 
formance of the standard rotor. 

In Fig. 34 the two rotors are compared, running at rota- 
tional speeds so adjusted that the peripheral velocities and 
Vy are identical. This implies, § 53, that the velocity diagrams 
are not merely similar but actually identical, from which it 
follows that comparable velocities are identical throughout, 
and that the heads are also identical ; the stipulations of un- 
altered efficiency, speed ratio, and flow ratio hold good here 
just as they did in § 53. 


The ratio of the speeds will be : — 



Hie ratio of the Kig. 34 . Kotorb, of difforont 81 Z 0 K gonor- 

charges will therefore be : — identical heads. 


7rd2^d2 • F X 

qy TrdyXdy . Yy dy^' 

viz. the disc*harges are proportional to the square of the 
diameters. 

It A\ill be observed that idealised rotors have again been 
chosen ; again it is permissible for present purposes to neglect 
the thickness of the blades, the roughness of the passages, etc., 
because these effects are examined in detail in § 225. 

55. Reduction to Standard Conditions. We now have 
the means of reducing the performance ol’ any pump to stand- 
ard conditions — conditions \\hich at last will permit a fair and 
reasonable comparison between even the most diverse types of 
machines. Two systems are available : (i) performance under 
unit conditions, (ii) performance under specific conditions. In 
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this paragraph which deals with mil conditions, we (‘ompute 
the ideal ])erformance of a pump geometrically similar to the 
actual pumj), having a rotor of unit dianutvr revolving at vnii 
speed. Since we are free to choose any values we please to 
serve as standards of speed, head, and diameter, the obvious 
and simplest plan is to use unity as our standard throughout. 
Thus : — 

Unit speed is a speed of one revolution per second. 

Unit head is a head of one foot or one metre. 

Unit diameter is a diameter of one foot or one meti’e. 

Remembering that all the stipulations controlling changes of 
variable laid down in earlier paragraphs apply here also, e.g., 
constancy of speed ratio, flow ratio, width ratio, efficiency, 
blade angle, etc., w'c may tabulate performance as follows : — 



Actual llotor 
at Working 
Head and 
Speed. 

Actual Jlotor 
at Unit 
Speed. 

Gcoraetri(«illy*8imlIar Rotor 
of Unit Diameter Running 
at Unit Speed. 

Spood in rt'volntions 
min lit 0 

])er 

N 

00 

60 


Speod in revolutions per) 
serond . . J 

N 

n — — 
GO 

1 

1 


Kim velocity . 



60 

" N 

GO 1 

’ A' (7, 


Head 


H 

“O' 

11 C'-Yi^-Y 

VA/ \<lJ 

11 

n-dr 

Flow velocity 


Y 

GO 

GO 1 
' A' ,,, 


Area for flow . 

• 

«2 


-ty 


Dis(*l large 


Q - a.Y 

GO 


1 

t 

Q 






nd^ 


56. Characteristic Performance Numbers. In the 

above table the expressions that chiefly interest us are those 
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rej)ro8c4iting the head aiid the discharge of the ])ump of unit 
diameter. A slight modifieation still further heightens their 
value. By in(*luding the term g (acceleration of gravity) in 
the expjession for head, and by using the symbols H, D, as 
generally representative of head or size, we derive the form : — 

Ac = characteristic head number = 

The expression for discharge lequires no essential modification, 
and V e may therefoi e at once write : — 

Q 

Of. — characteristic discharge number — — — . 

nD^ 

Boi h of these expressions are non-dimensional ; they are 
puie numbers, independent alike of the system of units and of 
the size of the pump. They represent one complete solution 
of the problem posed in §§ 50 and 51. So long as we are con- 
cerned Avith a given shape of rotor, working under its specified 
conditions of speed ratio, etc., then the characteristic head 
number and the charactei istic discharge numl)er are wholly 
unaffected by changes of head, speed, and diameter. But 
changes in the shape of the rotor, e.g., changes in the width ratio 
A or the blade angle y, may immediately be reflected in altera- 
tions in the characteristic performance numbers. This is 
graphically shown in Fig. 35, § GO. At last, then, we have two 
numbers A\hich describe the shape of a j)ump rotor just as the 
golfer has a number for desciibing the shape of his club. 

In tills book the abbreviations head number and discharge 
number will be found convenient. There w^ill never be any 
confusion between such nimibers and the heads and discharges 
of the pumps themselves ; the one set of values is purely 
relative, while the other is expressed in units such as feet or 
metres or cubic ieet per second. 

57. Specific Speed. The alternative conception of stand- 
ardised conditions, (ii), § 55, depends upon the fundamental 
notion of a pump as an apparatus for transferring energy to the 
liquid flowing through it, § 1. According to this view, a pump 
is of standardised size if, when generating unit head, it delivers 
energy to the liquid at unit rate, viz. at the rate of one horse- 
power, The (imaginary) wheel is termed the specific wheel and 
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its speed is leimed the specific speed, hi the following tabular 
derivation the subscript , relates to “specific conditions 



Actual Eotor 
at WorkiiiR 
Head and 
Speed 

Actual llotor 
at Unit 
Head 

Specific llotor llimning at 
Spe( itir Speed and giving 
Unit Head 

Spoocl in iwolulioiis per 1 
minute . . | 

N 

A 

\ H 

\ H ‘1. 

Head .... 

H 

1 

1 

Flou volocitj 

Y 

F 

\ H 

F 

Vh 

Area for flow . 

1 

«2 


- ©‘ 

Discharge 

i 

Q - a,Y 

y 

(ti _ 

V H 


1 



\ H ’ 

Power output . . . 1 


- . w . 1 

\ 11 \ 

^ - a7 


By rearrangement of the expressions in the last column of this 
table, we find that : — 


Specific speed := Ng =~ 


N d. 


N I Q w 

\'h' v 


jw N\'Q 


(5-1) 


where — 


H, and Q are general terms describing the w Diking pcifoim- 
ance of the actual pump, 
w is the density of the liquid, 

and kj, is the horse-power equivalent, or energy per 
second corresponding to one horse-power (550 
ft. lb. /sec. or 75 kg. m./sec.). 

58. Practical Equivalents for Specific Speed. In most 
pumping problems the liquid is water — or at any rate it can be 
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assumed to have the density of water. On this assumption 
the specific speed formula may be simplified thus ; — 


N. = K, 


nVq 

~w 


(5-2) 


where the factor A, depends only on the units chosen. This 
factor can if necessary also take care of the conversion from the 
mathematically consistent units implicit in formula (5-1) to 
industrial units. Values commonly needed are : — 


Units of Speed, 

N. 

Units of Discharge, 

Q. 

Units of Head, 

n. 

Value of K,. 

Revoliitioiis pnr minuto 

Imperial gallons per 
minute 

Feet 

00174 

Revolutions })or muuito 

U.S. gallons per 
minute 

Feet 

00159 

Revolutions per niinute 

Litres per second 

Metres 

01155 

Revolutions por minute 

Cubic metres por 
second i 

Metres 

3-65 


Naturally the specific speed will have a different numerical 
value if unit head is 1 ft. from what it has if unit head is 1 m. ; 
consequently if there is likely to be any doubt the full designa- 
tion should be given, e.g. : — 

Specific speed = 80 (foot), 
or specific speed = 355 (metric). 

The rule for conversion is : To convert Ng (foot) to N, (metric), 
multiply by 4*44. 

Effect of Change of Density. If we know the specific speed 
Ng^ ol’ a w^heel when wwking with water, as computed by the 
foregoing rules, and we want to know' the specific speed Ng^ 
when the liquid is manifestly not of the same density as water, 
then evidently from § 57 w^e can write : — 

Nso -- NgJ~\ 

where the subscript ^ relates to water and the subscript q to 
the new liquid. 

Nomirml Specific Speed. In place of the true specific speed 
as calculated above, engineers are often content to use simply 
the expression : — 
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Ngn = nominal specific speed 

speed in r.p.m.Vdischarge 

^ ^ ^ (5-3) 

(head)* 

Naturally its numerical value will change with every change of 
the units involved ; biit it is plain 1‘rom the above tabic that 
the factor will at once provide the connection between the 
true specific speed and the nominal specific speed, thus : — 

N, = K,. N,,. 

Oraphical Aids to Compvtafion. The Chaits I and TI facing 
page 480 will assist in vaiious soits of computation and 


conversion. 

59. Characteristic Shape Number. If the true specific 
speed of a rotor has been correctly calculated, then the lesultmg 
numeral will in fact comply with the definition, § 57 : “ The 
specific speed of a given rotor is the sj)eed in revolutions per 
minute of a geometrically-similar rotor of such a size that it 
will transfer one horse-power to the liquid when generating 
unit head Yet the numerical value is very much at the mercy 
of systems of units, of liquid properties, and so on, § 58 ; and 
in truth the mathematical “ dimensions ” of the exjuession 
are highly complex. Fortunately the introduction of the term 
g brings about just such a simplification as it ilid when apjilied 
to a rotor working under “ unit ’’ conditions, § 56. If we 
write : — 


Us = characteristic shape number = 


IOOOwVQ 


then the expression fulfils all the requiiements of § 51 ; it is 
truly non-dimensional, it is independent oi' the size of the rotor 
or the properties of the liquid, and it docs not depend upon the 
units so long as these are corhsistently chosen, thus : — 


Units of Speed, 

JV 

Units of Discharge, 

Q 

Units of Head, 

a. 

Acceleration of 
Gravity, g 

Rovoliitioiis per second 

Cubic feet per 
second 

Feet 

32-2 ft. /sec. 

Revolutions jior second 

Litres per aeeond | 

necmiet res 

9K-1 dm. /sec. 

Revolutions per second 

(‘ubii metres per 
second 

Metres 

9*81 in./s(»c. 
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The reason why tlie factor 1000 has been inti odnced is to 
lift the numerical values ol’ ihe eharaci eristic shape (‘riterion 
into a range of whole' numbers-- otherwise there might be 
inconvenient fractional values such as 0*07. 

The basic formula (5-4) can readily be converted for prac- 
tical use into a simplifie'd form comparable with the expression 
(5-2), § 58, viz. : - 


Shape nnmlnr 


A' 


V Q 


(5-5) 


wheie the conversion factor has the values : — 


I’tuts ol Srx f (1, 

N 

e 

Umls ol Head, 

11 

Value of If 

ri8 

lun mm 

I m|><M lal pj.illons 
p<‘r nninit(‘ 



i{( \ s ()( 1 nun. 

V S jj:alioj»s ]>oi 
inmiilo 

r (‘nt 

(>•058:} 

Kt \ s ])( T nun 

Lit H S JX I S(X . 

1 res 

0*0050 


It is illuminating to observe how the shape number (a con- 
venient ubbieviation) can be expressed in terms of the original 
descriptive i«itios developed in § 52, thus : — 


Speed 71 =- 


<l>V2yH 

ttD 


J)is(‘harge Q 






, \m)(l>V2(iHVnl)XluV2(jII 

Ihervlow shnp( nuumrn." - — — ^ — 

irDigliy 


O.K* ^ V 


By using the conversion factors given in § 58, the following 
connection betveeu true specific sjieed and chai actei istic shape 
number may be established, assuming the liquid to have the 
density of water 

Ns (foot) =- 0*273 Vs, 

Ns (metric) - 1*213 (Example 7) 

60. General Significance of Specific Speed and of 
Shape Number. Although the reasoning that has been carried 
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through this chapter has been applied only to radial-flow im- 
pellers suited for centrifugal pum])S, it is equally valid for other 
types of rotor, e.g., mixed-flow or axial-flow. Indeed the 
great advantage of the treatment is that it gives the chance of 



Fig. Forforraaiico of rotors of unit diaiiioter riiniutig at uint ‘^piccl. 


quite comprehensive comparisons, such, for example, as those 
illustrated in Figs. 35 and 36. The diagrams show tlie con- 
tinuous change in the behaviour and propoitions ol’ rotors as 
we progress from a ‘‘ low specific-speed type ” — a narrow 



centrifugal pump rotor — ^to a “ high specific-speed type ” — a 
propeller-type rotor. Together with inteimediate types, these 
cover the entire range of shapes in general use. The shapes 
selected have the following characteristics : — 
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Beforence Number. 

(I) 

(U) 

(lU) 

(iv) 

Description. 

Centrifugal. 

Centrifugal. 

Screw 
(§ 30). 

Propeller 
(§ 35). 

Width ratio A . 

0*040 

0107 



Speed ratio . 

0*90 

1-20 

1*35 

2*10 

Flow ratio . 

0*16 

0*20 

(moan) 

0*30 

0*41 

Hoad number 

6*17 

3*45 

(at inlot) 
2*67 

Ml 

Discliarge mindier 

0*066 

0*174 

0*475 

0*39 

Sliaiio nuiiibor n, . 

66 

165 

330 

576 

True ape(*ific speed (inotnc) 

N, ... . 

80 

200 

400 

700 

J)iamGter of specific rotor, 
iiiotrcs 

0*95 

0*54 1 

0*29 

0*25 

Diameter of sjiecific rotor, 
feet .... 

7*6 

4*3 

2*3 

2*0 


6L Connotations of the Shape Number. Fig. 35, then, 
Berves as a graphical statement of the system of standardisation 
suggested in § 55 (i) : perfoimanee under unit conditions. All 
the four rotors are of unit diameter, and they are imagined to 
revolve at unit speed ; thus the head numbers and discharge 
numbers shown to scale by the vertical columns repiesent the 
actual behaviour of the pumps. The type (i) impeller generates 
by l*ar the highest head, and the axial-flow pump (iv), by far 
the lowest head ; but the type (iv) rotor handles a relatively 
iniieh larger quantity of liquid. It is illuminating to note how 
tliis agrees vitli the mimerical comparison worked out in § 40. 

The lotors depicted in Fig. 36 are respectively identical in 
sha})e with those of Fig. 35, but they are of such a size that 
oa(‘li will transmit energy to the liquid at the rate of one horse- 
power, when they generate unit head — that is, they are 
“ specific ” rotors, § 57. The dimension scales, and the figures 
in the table above, show that for a unit head of one foot a given 
type of wheel is much bigger than if unit head is one metre. 
The heights of the columns are proportional both to the shape 
number and to the specific s])eed oi‘ the respective wheels ; 
they mak(^ it clear that althotigh in prop(»rtion to its size the 
axial -flow rotoi* seems to l)t‘ the most effective energy trans- 
mitter, yet it has to run very fast. 
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It has been mentioned that the term H in expressions for 
pump performance is generally representative of the head 
generated. For demonstrating the mathematical foundation of 
the expressions, the ideal head created by the rotor has hitherto 
been taken as H, but for describing the woiking conditions of 
actual pumps the effective head should be used, § 1011. 
Nevertheless it is still useful to think in terras of, e.g. ‘‘ specifics 
speed per rotor ”, because when <lealing with pumps having 
multiple rotors, § 115, one must be particularly careful to 
specify the behaviour of indkndual lotors, and not of the 
complete pump. 
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62. Practical Procedure. Pari A of this book has 
presenter! some of the basic principles which must inevitably 
guide the pump designer. Now in Part B these principles are 
offered in another form — an empirical form that has been de- 
veloped by the testing and continuous running of actual 
pumps. 

In general, the chapters of Part B will continue to apply 
to the pump only rather than to the complete installation ; 
their scope will not extend beyond the pulley or half-coupling 
on the shaft. It is Part D of the book which will concern 
itself with the final problem of assembling into an appropriate 
pumping set the various elements involved, e.g., the pump 
itself, the engine or motor that drives it, and the piping and 
valves through which the liquid flows. This present chapter 
doals with general matters common to all pumps : then there 
follow chapters devoted to specific types of pumps, e.g., centri- 
fugal pumps for clean cold water ; screw pumps, etc. ; multiple- 
rotor pumps ; and finally machines specially built to meet 
special r(‘quirements. A description of the constructional 
features of each type will prepare the way for a set of design 
formulae adapted for immediate practical use. 

63. Prerequisite Data. Certain essential items of in- 
formation must be available before a suitable pump can be 
chosen or designed. They may be summarised thus : — 

Liquid. The liquid to be pumped will be . . . (water, 
oil, spirit, acid, etc., etc.). 

Its temperature will be . . . (° F. or ° C.). 
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Its density will he ... w (Ib./cu. ft., kg./lit., etc.), or 
its specific gravity will be. . . . 

Its viscosity will be . . . (poises, secs. Redwood, etc.). 

It will be clean (or dirty, or gritty, etc., etc.). 

Rate of Discharge. The quantity to be delivered in 
unit time will be . . . (gall. /min., lit. /sec., etc.). 

Head or Pressure. The liquid is to be lifted through a 
height of . . . (feet, metres) ; or is to be forced against a 
pressure of . . . (Ib./sq. in., etc.) ; or is to be pumped 
through . . . (feet of piping, etc.). 

With the help of these figures, it is required to find out : — 

(i) Whether a centrifugal, screw, propeller, etc., type of 

pump is indicated. 

(ii) What its speed should be. 

(iii) What power will be needed to drive it. 

(iv) How the machine is to be selected, designed or built. 

A preliminary step is to put the information in the right 

form. The rate of discharge must be converted into appro- 
priate units, e.g. cubic feet per second, pounds per second, or 
the like, § 51 ; and by the methods explained in § 163 the 
effective head must be estimated, at least in a tentative 
manner. If for any reason the diameter of the pum]> branche\s 
is involved, then the table in § 87 may be helpful. 

64. Pump Type, Speed, and Power. If the liquid is clean 
cold water, and if there are no subsidiary stipulations such as 
those detailed in the next paragraph, then the value of the 
effective head will point fairly conclusively to the proper 
type of pump. Experience shows that the main categories ot 
pump should preferably be restricted to the following ranges 
of head : — 


Head 

Type of Pump. 

Feet 

M«'trea 


Above 20 

10 to 60 

6 to 20 

Above 6 

3 to 16 

1 1 to 6 

(’entrjfugal (Chaj). VII) 

Screw or half -axial (Cha]!. VTTI) 
Axial-flow (Chap. VIII) 


The overlap in these ranges shows that the figures alone are 
not decisive ; the final choice of type may be governed by 
various secondary factors, § 65. 
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For each type of pump there is an appropriate range of 
shajpe number or specific speed (Chap. V), thus : — 


Type of Pump. 

Shape Number. 

True Speciflo Speed. 

Foot. 

Metric. 

Centrifugal 

Screw or half«axial . 
Propeller (axial-flow) 

60-330 

250-600 

400-800 

16- 90 
70-140 
110-220 

70- 400 

300- 600 
500-1000 


Within the range of shape number for each type, it is probable 
that the higher the head, the lower will be the most suitable 
shape number to choose. An example of this trend or tendency 
(for it is hardly more than that) is illustrated in Fig. 52, § 90. 

Having, by the use of some such graph or in any other way, 
fixed upon some likely value to suit the given conditions, it 
remains to determine the rotational speed N of the pump shaft 
in r.p.m. We know the effective head the discharge Q, and 

1000. 

tho shape number ^ 1 (§59) ; so the desired value 

of N can at once be extracted. Useful computation charts 


face p. 480. 

Empirical information is again available (§ 91) for esti- 
mating the gross or overall efficiency of the pump, rjm, and 
this in tmn permits the necessary shaft-horse-power input P. 


to be assessed, thus : 


P.= 


QwH, 

p • “Vm 


. (§165) 


(Examples 8, 9) 

65. Supplementary Data. It is hardly likely that the 
smooth routine of selection just outlined can invariably be 
followed. Here are some of the factors that may throw it out 
of gear : — 

(i) Shaft Speed fixed by Motive Unit. If the pump is to be 
direct-coupled to an engine, electric-motor, or steam turbine 
whose speed is already determined, then the shape number of 
the pump rotor is similarly fixed. This information may settle, 
without further aigument, what class of pump is alone ad- 
missible, § 64. If the computed shape number or specific speed 
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falls outside customary limits, then the pump may have to be 
fitted with multiple rotors, Chapter IX. 

(ii) Conditions of Service, The location of the pump — 
whether at ground level or underground ; or the kind of liquid 
— ^whether cold water or hot oil oi‘ acid — may influence the 
choice of pump, Chap. X. So also may the conditions of per- 
formance, as detailed in Part C of the book. Chaps. XIII, XV E. 

(iii) Commercial Bestrictions. Small rotodynamic pumps 
are built for sale in a highly competitive market, from which 
it follows that purely hydraulic considerations may have to 
give way to the necessities of economical production. As it 
would be quite impracticable to design and construct a special 
pump to suit each individual customer s desires, a range of 
standard types must be evolved from which the client can 
be offered the one that most nearly suits him. Inexpensive 
modifications to standard components — ^rotors, casings, etc. — 
will quickly result in a satisfactory machine, even if one cannot 
be delivered from stock. But evidently the original designing 
must be skilfully done so as to ensure the greatest degree of 
adaptabihty, e.g. see §§ 70, 71, 301-303. 

66. Constructional Elements. Rotodynamic pumps are 
built up from the following primary components : — 

Bevolving 

(i) The rotor or bladed wheel (impeller, propeller, etc.), 
Chaps. I, III. 

(ii) The shaft on which the rotor is mounted. Sometimes 
there may be two or more rotors on the same shaft. 

Stationary 

(iii) Inlet and outlet passages for leading the liquid into and 
out of the pump. 

(iv) The recuperating device which receives the liquid dis- 
charged from the rotor (diffuser, volute, etc.), Chapter 
IV. 

(v) Bearings for the shaft. 

(vi) The casing, bedplate, or frame which supports the 
various fixed elements. 

Sometimes two or more of these functional elements are 
combined in a single casting. Thus in small pumps two cast- 
ings only will serve for all the items (iii) to (vi). 
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Materials of Construction. (^) For normal services, cast iron 
can be used both for the easing and for the rotor ; except for 
the steel shaft, that is, virtually the entire pump is of cast iron. 
As the liquid grows progressively more corrosive, or as greater 
durability is required from the pump, we find sleeves or liners 
ol’ non-ferrous metal being used, or the rotor and shaft being 
made entirely of bronze. For extreme conditions the complete 
pump casing may be of cast or forged steel, or of gun-metal or 
bronze ; or the internal parts may be of monel metal, etc., etc. 
Alternatively there may be an internal lining of lead, hard 
rubber, etc., Chapter X. 

67. The Rotating Components. In designing the rotor 
the first step is to fix the diameter and v idth so that the velocity 
of flow is kept within suitable limits ; the wheel, that is to say, 
must be made big enough to pass the specified amount of liquid. 
Usually there is a fairly well-defined connection between the 
shape number of the rotor, and the flow ratio, § 60 ; moreover, 
a given shape number often corresponds to certain relations 
between width, diameter, etc. From these empirical relation- 
ships, therefore, a provisional impression of the shape and size 
of the vheel can quickly be derived. 

The next stej) is to find out the shape of blades and the 
number of blades which will enable the wheel to transmit to the 
liquid the stipulated quantity of energy. 

Although the primary duty of the shaft is to transmit to the 
rotor the power received from the motive unit (engine, motor, 
etc*.)— from whicli it follows that torsional stresses will inevitably 
be set up — yet the shaft has to withstand other stresses as w^ell. 
The rotor may be siibjeeted to (i) transverse unbalanced 
hydraulic loads which tend to liend the shaft, and to (ii) axial 
hydraulic loads which tend to displace the whole rotating 
element longitudinally. If the rotor is out of balance, too, 
there will be a fuilher transverse dynamic load due to the 
tendency of the shaft to “wliirl”. Finally there may be 
externally-applied loads such as result from belts, gears, or 
misalignment of couplings. 

68. The Stationary Components. The passages of the 
volute, diffuser, etc., must not only be designed to carry out the 
necessaiy energy transformations as economically as possible, 
but they must be mechanically robust enough to withstand the 
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internal pressuie of the liquid. Additional stresses may be 
transmitted to the casing from the suction and delivery pipes 
that are bolted to it ; thermal expansion and conti action of the 
pipes, or unskilful installation, will tend to deform the pump 
casing. After the pump has been taken into service it will be 
a great advantage if the casing can be opened up foi* inspection 
of the rotor, etc., without breaking too many joints and without 
disturbing the pipe connections. 

The bearings must be proportioned for continuous lunning 
when the shaft is subjected to the worst combination of trans- 
verse and axial loads. It may be necessary to allow for de- 
formation of the casing which supports the bearing housings. 

Leakage must be carefully controlled. Where the shalt 
passes through the walls of the casing, glands and stuffing-boxes 
are required to keep liquid from leaking out of the pump, or 
to prevent air from leaking in. Internal leakage of lic|uid i’rom 
the high-pressure to the low-pressure parts of the pump must be 
brought within permissible limits. 
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69. Types of Impeller. These may be classified into : — 

(i) Single-entry (side-entry, single-suction) impellers. 

(ii) Double-entry (double-suction, balanced suction) im- 
pellers. 

Another mode of subdivision uses the titles : — 

(а) Closed (wshrouded) impellers, and 

(б) Open (skeleton) impellers. 

Examples are illustrated in Fig. 37. 



Fm}. .‘{7. Cross srctioiis of typical impellers. 


(1 ) Here is a closed, single-entry impeller. (Circular shrouds 
or discs or side plates guide the liquid, support the 
79 






§70 


ROTODYNAMIC PUMPS 


blades and transmit to them the torque which enables 
them to give tangential acceleration to the liquid. 
The liquid enters from one side only. 

(II) The liquid can enter this closed double-inlet impeller 
from both sides. A higher specific speed can thus be 
realised, and the problem of balancing end thrust is 
simplified. 

(III) This side-inlet open impeller has a shroud on one side 
only. The unsupported edges of the blades work with 
a small clearance against the cheek of the fixed casing. 

(IV) The blades of this double-entry skeleton impeller are 
supported only by the boss or hub of the casting. 



Ftg. 3S. — Typos of sidc-inlot ooiilrifogal ])inn])s. 

Closed or shrouded impellers are nearly always preferi’ed for 
normal pumps ; the advantages of the ojh'u tyj)es an^ more 
apparent when impure liquids are in question. W^heii, as in 
the present instance, the pump is intended for cold and moder- 
ately clean water, the impeller is almost invaiiably formed of 
a one-piece casting in iron, bronze or gun-metal. 

(For comments on conventional syst^ems of projection for 
impellers, see § 99.) 

70. General Disposition of Pump, (ic) Representative 
types of pump to suit both side-inlet and double-inlet impellers, 
with either horizontal shaft or vertical shaft, may be compared 
in Figs. 38, 39, and 40. The differences in design will serve to 
illustrate the points raised in § 65 (iii) concerning manufacturijxg 

80 




CONSTRUCTION OF CENTRIFUGAL PUMPS §71 

convenience and possibilities of modifying stock arrangements 
to suit customers’ requirements. All the models have volute 
casings. 

Side-inlet Horizontal Pumps. In type (i), Fig. 38, the de- 
livery flange is cast integrally with the volute, and the casting 
is spigoted to a frame which also carries an outer bearing. 
The suction pipe can be bolted to a flange mounted axially on 
the volute cover. By turning the volute on its spigot through 
successive angles of 90°, the delivery flange can be made to 
point u})wards or downwards, to the left or to the right, as the 
client may direct. The little flange-mounted pump (ii), is 
similarly adaptable ; screwed connections suffice for the pipes 
of 1-in. diameter or so. A s]:>ecially-built electric motor carries 
the volute casting. These “ close-coupled ” electrically-driven 
units may also b(' obtained in larger sizes. 

In type (iii), Fig. 38, the feet of the pump are cast integrally 
with the volute, and thus for a given casting no variation in the 
delivery flange position is })ermissible ; but the suction branch 
can be swivelled round as desired, the outer bearing housing 
being arranged accordingly. Details are shown in Fig. 44 (ii). 

71. Double-inlet Horizontal Pumps. The overhung 
type (i). Fig. 39, rather resembles arrangement (i), Fig. 38. 
Here also the volute with its branches can be swivelled on its 
spigot, but now the branches lie in the same plane and there is 
an unvarying angle — in this case of 180° — between them. In 
the split-casivg fy 2 >e (ii), no departure from the standard flange 
arrangement is ])ossi])le, but on the other hand the w hole casing 
is exce})tionally stiff and solid. Moreover, the shaft is well 
suppoited by two bearings w^hich work in excellent conditions, 
quite auay from the liquid. A final reason lor the great 
poj)ularity of the split -casing tyjK' is the accessibility of the 
impellc]'. It can be insp(‘cted immediately the top half of the 
casing is tak(ui off* ; and if the top halves of the bearing shells 
are also removed, the impeller and shaft can readily be lifted 
out. It is true that no pipe joints need be broken to inspect 
the impelleis of the ])umps shown in Fig. 38 (iii) and Fig. 39 (i), 
but the jcmioval of the rotating elements is a good deal more 
troublesome than it is in the split -easing pump. 

The volute of the low-lift pump. Fig. 39 (iii), is in two halves 
with a transverse joint ; the tw o parts are identical except for 
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the ‘‘ handing Although the impeller eannot be taken out 
without virtually dismantling the entire pum}) and pipework, 
yet the simplicity and solidity of the design fits the pump very 
well for irrigation and similar rough duties. 

In point of size we have now progressed from the little unit 
represented in f'ig. 38 (ii), up to medium-sized pumps having 
branches of 12-in. diameter or more and (*apable of discharging 
several thousands of gallons per minute each. In the double- 
inlet pumps (i), (ii), and (iii), the se])aration of the incoming 
liquid into tvo equal streams, one for each side of the im])eller, 
has been carried out within the casing itself, Figs. 39 and 44 (i). 



For still larger units this may no longer be desirable. Sinc(.‘ in 
any event the casing is t(K) big to be formed of a single c*a sting, 
but must be bolted together* from separate sections, the op- 
poitunity maj^ be seized to provide individual suction branches 
for each side of the impeller, Fig. 39 (iv). Some ol‘ the very 
largest pumj)s in use to-day follow these general lines. 

72. Vertical-Spindle Pumps. Still keeping within the 
range of what can be regarded as standard commcTcial products, 
we come to dispositions which often have the ])articular virtue 
of cornpactn(‘ss. (*) This is especially apparcuit in the mot»or- 
driven set, Fig. 40 (i), which takes up a floor space only ec^uiva- 
lent to the area of the circular base. Although the casing is 
split axially, viz. in a vertical plane, yet the impeller is of the 
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side-inlet type, tlie liquid entering from above tlirough an inlet 
passage that resembles the one shown in Fig. 3S (iii). If, in 
this latter model, the inlet bend were swung round so as to 
point vertically upwards, 
then the similarity between 
the two designs would be 
manifest. A larger side-inlet 
pump of high specific speed is 
illustrated in Fig. 40 (ii), but 
liere the water enters from 
below. 

Relatively slight modi- 
fications to double-inlet split- 
casing pumps, Fig. 39 (ii), 
permit these to be laid on 
their side and used as vertical- 
spindle units. 

73. Forces Acting on 
the Rotating Elements. 

Having now a general im- 
pression of how the pump 
parts are disposed, wo can return to a more detailed study of 
the forces acting on the shaft and imi)eller in order to design 

These foices include : — 

(i) Weight. Clearly the 
entire weight of the revolving 
elements, comprising shaft, 
impeller, and half-coupling 
or pulley, etc., must be sup- 
])orted by tlie bearings. 

(ii) Transv erse Loads. 
(a) Dynamic. Should the 
impeller casting be out of 
balance, due to initial inac- 
curacy of construction, or 
should corrosion or uneven 
wear during service create 

this condition, then when the pump is running the eflPect of 
centrifugal force on the revolving mass will be to apply a 
transverse load on the shaft. The effect will be intensified if 
the ec(*entricily iiKM’C'ases as the shaft deflects. 

83 


the shaft and its healings, § 07. 



Ki(r 41 — Un(\(‘n ])T(’'smir< distiibiitjoti 
atodHvi \ oliitt . 






ROTODYNAMIC PUMPS 


§74 

(b) Mechanical, Driving belts, or imperfectly-aligned 
couplings or distortion of the frame or casing may set uj) side 
loading. 

(c) Hydraulic. Uneven pressure distribution around the 
periphery of the impeller may generate a resultant transverse 
thrust. If, for example, the pump has a variable- velocity 
volute, § 45 (a), then necessarily the pressure will rise con- 
tinuously from the longue of the casing all the way round to tlie 
outlet ; for it is the whole purpose of the recuperator to generate 
such a pressure increment. The effect of tliese iiieixmients is 
suggested in Fig. 41, which clearly shows how the lesultant 
thrust must fall on the shaft Kven though the volutt^ design 
is such that the thrust is not developed during normal pump 



FKt 42 -Static pU'ssuK distiiliution on statioiiaiy ino\ in^ nnp(*ll« is 


operation, it may and almost certainly will arise during leduced 
flow and incieased-flow' conditions, § 207 (i). 

(iii) Axial ihrufiis, as detailed in the following paragiaphs 
74. Axial Hydraulic Thrust on the Impeller, (i) 
Static. Let us first examine the hydraulic thrust on a dummy 
side-inlet imjieller at rest, Fig. 42 (i). We imagine that a cir- 
cumferential band prevents return flow through the impeller 
passages, and that the ])ressure is maintained at its normal 
value by means of some other pump discharging into the volute. 
The liquid, like the wheel, is at rest, and the uniform pressure- 
head H prevails throughout the zones indicated by stippling. 
As we are here concerned with the static pressures ac^ting on 
the outer faces of the impeller shrouds or discs, it will be 
convenient to distinguish between the outer area of the discs 
and the inner area. Their limits are clearly distinguished by 
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hatching in the diagram. Evidently the equal and opposite 
thrusts on the two outer areas completely neutralise one 
another, but on the inner area there is a resultant thrust, acting 
towards the impeller “ eye ” or entry, having the value 

wH . 

4 

when do represents the shaft diameter, and dj the impeller 
inner diameter. 

Now, with the volute pressure maintained unchanged, we 
imagine the impeller to be rotated at its working speed. What 
will Jiappen to the liquid contained in the clearance spaces 
between shrouds and casing ? It seems a fair assumption that 
tlie li(|uid elements in contact with the shrouds will be carried 
round at the same speed as the impeller, while the elements 
touching the stationary casing will remain at rest. The average 
speed of tlie elements at a given radius, therefore, will be one- 
half of the tangential velocity of the impeller at that radius. 
The effect will be the same as if forced vortex motion were set 
uj), with the result that pressures in the clearance spaces are 
everywhere less than the original pressures when the impeller 
and li(}uid were at rest. At any radius r, the reduction will 
have the value 



where represcuits the impeller rim velocity. 

Over the outer areas of the impeller shrouds, equilibrium 
will still hold good ; over the inner area there will still be a 
resultant thrust, but of Jess intensity than before. The result- 
ing pressure-distribution will thus be of the type suggested in 
Fig. 42 (ii). By an intt^gration process, it is found that the 
resultant unbalanced thrust has the value : — 



The conditions in the actual pump, wlien the real impeller 
is itself generating the pressure in the volute, can hardly be very 
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different from those just assumed ; consequently we may 
accept equation (7-1), at least for provisional calculations, 
inserting for safety the effective head on the pump as equiva- 
lent to the head in the volute (§ 163). (Example 10) 

There remain two other items which may effect the static 
hydraulic axial thrust on the shaft. Experiments and common 
reasoning show that the mean angular velocity whicli the im- 
peller imparts to the liquid in the clearance spaces is influenced 
by the roughness of the surfaces of shrouds and of casing, and 
also by the axial clearance distance between these surfaces. 
Any lack of symmetry in these respects will affect the pressure 
distribution and may thus be responsible for a differential 
hydraulic thrust contributed by the ouUr areas. Fig. 42. This 
would happen if the impeller were incorrectly centred in an axial 
direction between tlie two faces of the easing. Finally there 
might arivse a differential tlirust on tlie shaft itself. Suppose, 
for example, that in the pumps shown in Figs. 39 (ii) and 39 (iv), 
the shaft at the point of emerging through tlie two stuffing- 
boxes was of different diameters ; then the resulting axial load 
would be represented by the difference in shaft cross-section 
multiplied by the suction pressure, positive or negative as the 
case may be. 

75. Hydraulic Axial Thrust, (ii) Dynamic. Further 
axial loads may fall upon the impeller by reason of the deflection 



of dyiirtinic 
axial-tiiriist. 


imposed on the liquid ele- 
ments flowing through it. 
Force is needed to divert 
these elements from their 
original paths. We should 
l)c very conscious of that, 
remembering that deflec- 
tion in a tangential direction 
is the basic principle of all 
rotodynamic pumps. In 
the conditions studied in 
Chapters I and II, tlie 


deflecting force was applied by “cylindrical” blades whose 
surfaces were everywhere tangential to planes parallel to 


the pump axis ; there could be no axial compoiiciit of 


the force. 
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(flf) But now consider the type of Wade sketched in Fig. 43 
(i). Kvidently the reaction of the liquid on the blade, 

§ 2h, will certainly liave an axial compoixent and the sum 
of all these components on all the blades will mount up to a 
quite substantial thrust. This d3niamic axial thrust will be 
still more pronounced in the mixed-flow, high specific speed 
impeller described in § 99. 

(b) In an ideal side-inlet impeller, Fig. 43 (ii), the whole 
incoming stream of liquid is deflected through a right-angle. 
Thus if Y is the original axial velocity, and W the weight of 
liquid per second, evidently the axial dynamic thrust will have 


the value Pa ~ 



r. 


(c) Axial displacement of the impeller relative to the volute, 
i.e. lack of symmetry in locating the impeller endwise, may set 
up dynamic axial loads, just asit j)romoted static hydraulic loads, 
§ 74. We can be sure that if the liquid stream leaving the 
impeller is forced ov(t sideways, Fig. 43 (iii), tliere will result 
a local inequality of pressure over the inner faces of the shrouds. 
The corresponding differential thrust Pa will ultimately have 
to be carried by the thrust bearing. 

76. Methods of Relieving Axial Thrust. If it be con- 
tended that the division of the various items of hydraulic thrust 
into static and dynamic loads is rather arbitrary, we can soon 
find another classification which may be more helpful. The 
load associat('d with what we have called static pressure evi- 
dently de})ends upon the Ji(ad generated by tJ]e pump ; the 
load due to dynamic pressure, § 75, depends upon the discharge 
of tlie pump ; while the loads due to constructional irregularities 
ai’e by their nature quite unpredictable. The net result is that 
the gross axial thrust transmitted to the bearings may vary 
widely in the course of the diversified duties of the pump. 
What equal and opposite force can we generate that will 
exactly keep pace with these v^ariations ? There are v^arious 
solutions : — 

(i) Twin Impellers or ihtir Equivahnt. Why not mount 
on the same shaft as the original side inlet impeller another 
identical one, but facing in the opposite direction ? If the 
rat<^ of flow of liquid through the two wheels is also identical, 
then the net axial thrust on the shaft will be zero. In pumps 
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with multiple impellers w^e do in fact find this expedient ex- 
tremely valuable. Sometimes the twin impellers are set eye 
to eye, with the liipiid streams flow'ing in parallel, § 145 ; more 
often the wheels are arranged back to back, and the liquid 
flows through them in succession, § 119. For the single-stage 
pumps now under review, the two opposed impellers are merged 
into a single casting —a casting that is already familiar to us 
under the name of double-inlet im'peller, § 69. The manner in 
which the incoming liquid is divided into the two equal streams 
that feed the two impeller eyes is suggested in Fig. 44 (i) ; this 



Fl( 11 — Svst( ms for ininiinism^y uMul In (hauli( ttiiiisl on iiii|)( lit i 


diagram is a sectional view of a typical pump casing such as 
(i), Fig. 39. 

But here again perfection cannot be e\j)eclcd. Not only 
may inequalities in the impeller casting or the casing passages 
disturb the symmetry of flow ; but even before the main 
stream is jiarted, an iregular velocity distribution may have 
been imposed upon it by a bend, elbow, or similar deviation in 
the suction pipe adjacent to the pump suction flange. So a 
small unbalanced thrust on the impel lei must always be 
allowed for. It may even be a large thrust if one of the im- 
peller eyes becomes obstructed for any reason. 
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77. Relieving the Axial Thrust [continued), (ii) Balanc- 
ing Hole^. The reason why the attractive balancing principle 
just described is not universally adopted is that the side-inlet 
impeller lias valuable advantages that we do not want to 
abandon. Whenever operating conditions are especially severe, 
due to high temperature or liigh pressure or aggressive liquids 
or plurality of impellers, then the designer will be disposed to 
favour tlie very simple end-suetion principle exemplified in 
Fig. 38 (i). For the relatively unexacting duties now in ques- 
tion, too, the end-suction arrangement is inexpensive for small 
pumps and liydraulically advantageous for large pumps such 
as (ii). Fig. 40. 

If, then, we are unable to neutralise under all conditions the 
axial thrust on the single- 
inl(4 impeller, we must try 
to reduce the thrust. The 
simplest way of doing this 
is to drill some holes 
through the shroud and 
thus l(‘t the pr(‘ssures ou 
the two sides equalise 
themselves, Fig. 44 (ii). 

By itself, tliis operation 
would merely provide a 
loop-way by which large 
volumes of water would slip back from the delivery to the 
suction side of the pump ; so to prevent or at least very much 
reduce this h'akage, a sealing ring, § 83, must be east on the 
back of the im})(41er, which can work with a small clearance 
within a similar ring cast on the casing, Fig. 44 (ii). This 
device is largely used both for small and For huge pumi)s. 
(Note that Figs. 38 (iii) and 44 (ii) refer to the same machine.) 

(iii) Balancing IHston. Verj- occasionally the axial thrust 
is relieved by a rotating drum or piston as shown diagrammatic- 
ally in Fig. 45 (i). A leak-off passage conducts leakage liquid to 
waste or back to the suction pipe. In this diagram is suggested 
also one of the <‘ffects of th(^ transxerse thrust juentionerl in 
§ 73 (ii) c ; tlie shaft is Forced out of centre. 

(iv) Balancing Pipe or Port. Any lack of symmetry in 
the thrust on the outer areas of the shrouds, § 74, whether of 
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single-inlet or of double-inlet impellers, may be mitigated by a 
balancing pipe of the sort shown in Fig. 45 (ii), or by an in- 
tegrally cast port which serves the same purpose. 

78. Types of Bearing. Before choosing or designing the 
bearings which will resist the various loads on the shaft, it is 
necessary to ask whether the hydraulic balancing devices just 
described do in fact offer the best solution of the problem. 
Although effective, these de\ices entail continuous waste of 
energy as the liquid leaks away, §§ 8H, 192. Jf, therefore, 
bearings can be found wliich can deal wdth the nnrdiivcd gross 
load transmitted from the impeller, they would provide the 
most economical answer. In fact, this only hajipens in small 
pumps ; designers usually prefer to embody hydraulic reliev 
ing systems and to load tlie bearings as lightly as they can. 

Types of bearings available are : — 

Journal :■ — 

(i) Sleeve with oil ring oi oil puni]) lubrication. 

(ii) Sleeve with grease lubrication. 

(hi) Ball or roller. 

Thrust : — 

(iv) Collar with oil or grease lubrication. 

(v) Ball. 

(vi) Tilting-pad (Michell or Kingsbury). 

Combined : — 

(vii) Ball or roller. 

Cooling devices for heavily-loaded bearings in largi' pumps 
include {a) water-cooled bearing shells, embodying a jacket 
through which coolant is circulated, and (b) oil-cooleis for the 
oil which is pumped through the bearings 

Another distinction is between ivcUrnal bearings and into'nal 
bearings. As the liquid cannot reach external bearings, these 
work under the same favourable conditions as line-shaft 
bearings and the like ; but internal bearings may be expos(‘(l 
to the liquid passing through the pump. 

79. Disposition of Bearings. A renewed examination of 
the pumps already described, §§ 70, 72, will give an impression 
of the varied possibilities of 8U})])orting th(‘ shaft. The numbers 
relate to the respective outline drawings : 

Fig. 38 (i). The side-inlet impeller is overhung. The shaft 
has one external bearing and one internal bearing ; the latter 

90 



CONSTRUCTION OF CENTRIFUGAT. PUMPS §80 

may either be grease-lubricated or it may be lined with special 
bronze suitable for water lubrication. 

Fig. 38 (iii). This shaft also has two bearings, but the in- 
ternal grease-lubricated bearing is located in the volute cover, 
on the outboard side of the impeller. Fig. 44 (ii). Because the 
impeller is nominally balanced, end thrust will be so light that 
it can be taken by a plain collar incorporated in the external 
oil-ring type of sleeve bearing. 

Fig. 39 (i). Except for the difference in impeller and inlet 
and outlet brandies, this arrangement is similar to (iii), Fig. 38. 
The bare shaft end serves as a reminder that in commercial 
practice a stock machine must be suited either for belt drive or 
for direct coupling, and tlie external bearing must be propor- 
tioned accordingly. 

Fig. 39 (ii). The shaft is well supported here. If the two 
external bearings are of the ball or roller type, then provision 
can easily^ be made for takmg residual end thrust. If ring- 
oiled s](‘eve bearings are preferred — which often happens -a 
j)lain collar will look after the thrust component. 

Fig. 39 (iii). As this medium-sized pump receives its power 
through fast and loose pulleys, a pair of substantial external 
pedestal journal bearings is disposed so as to take the heavy 
pull of the hat driving-belt, llie two internal bearings on either 
side of tlie impeller are more in the nature of guide bearings. 

Fig. 39 (iv). External pedestal bearings offer the best solu- 
tion here also, and for this large i)ump they must be really 
well-built. 

Fig. 40. In these vertical-shaft pumps the full weight of 
the rotating member must inevitably come on the thrust 
bearing, either augmented or diminished by unbalanced hy- 
draulic* thrust. A ball-thrust bearing would })robably serve for 
the smaller pump, while a water-cooked Michell tilting-pad 
bearing would certainly be best for the large pump. Between 
the o\erhimg impeller of this pump, (ii), and the tlirust bearing, 
there is a white-mc'tal lined steady-bearing. 

80. The Shaft. When once the intensities and points of 
application of the various transverse and axial loads have been 
estimated, and also the induced reactions from the bearings, 
then in principle the shaft diameter at various points might be 
calculated. But in fact it is advisable to add to the dimensions 
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so conipukd a generous margin, in oidei (o discourage vibration 
under the vvoist conditions. Vibration is not only objection- 
able in a general niecJianical sense, but it intensities the ditticulty 
of maintaining the gland packings, § 86. So it is experience 
whi(*h must piincipally guide the designer in securing the 
necessary stiffness both in shaft and in frame. 

Two const ruc'tional problems are, (i) how to secure the rotor 
to the shaft, and (ii) how to protect the shaft from coiTosion 
and from wear. A satisfactory combined solution is illustrated 
in Fig. 58 ; the driving torejue is transmitted to the imj)eller 
through one or more sunk keys, and the impeller is located 

axially by a sleeve which forces it 
hard up against a shoulder on the 
shaft. The assembly is locked by 
external nuts. The renewable 
non-ferrous sleeve, and its com- 
panion on the other side of the 
imjKdler, at th(^ sanu^ time guard 
the steel sjiaft against rusting and 
they take the wear which is mevit- 
able at the points where the shaft 
])asses through the sluffing-boxes, 
§ 81. A combined sleeve and lock- 
ing-nut is suggested in Fig, 49. 
When conditions ])oint towards a 
iion-feiTous impeller, then the 
whole shaft may be of bronze. 

Overhung impellers may be fixed to the tapered end of the 
shaft by means of a key and a nut, Fig. hO. 

81. Leakage and its Prevention, ('k) There are thn^e 
possibilities of l(*akage at adjacent surfaces of fixed and rotating 
parts of the ])mrip, § 68. (i) Liquid may leak internally from 

the high-pressure to the low-pressure side of the casing, (ii) 
liquid may leak from the liigh -pressure part of the imni]) into 
the external atmosphere, and (hi) atmospheric air may leak 
into those parts of the pump where sub-atmos])heric pressure- 
(vacuum, suction) prevails. Fig. 46. Why should any special 
difficulty be expected here ? If ordinary packed glands have 
given good service in other types of machinery, why should 
they not do so now ? In regard to internal k^akage the answer 
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is soon forthcoming. It is trae that a packed gland of abnormal 
diameter might bo provided for the impeller eye, where it fits 
circumferentially against the pump casing ; but the rubbing 
speed would be so high that heating and rapid wear might be 
expected. Besides, the moment of the frictional force would 
be so relatively great that the gland would consume an ex- 
cessive share of the j)ower fed into the shaft. 

The gland and stuffing-box that prevent the escape of liquid 
from the pump need not bo troublesome unless the pressure is 
comparatively high. But, if, in such conditions, the gland is 
lightened up more and more in the hope of reduciiig leakage, then 
heating and excessive wear may result. Moreover, the j)acking 
squeezed hard against tlu5 shaft or its protecting sleeve may in 
time cut a groove ; tliercafter, still fuither screwing-up of the 
gland nuts will force the packhig against the sides of the groove 
as agaiiivst a shoulder on the shaft, so creating a sensible addition 
to the end thrust on the shaft. 

But dang(Ts from excessive pressure surely ouglit not to 
arise on the suction side of the pump, where the maximum 
]>ressure-differejic(' on the stuffing-box (»annot possibly exceed 
10 or 12 lb. /si], inch ? Her(‘ it is not the excessive fluid 
pressun^ that migJjt cause trouble, but th(‘ pressure between 
packing and shaft c*aused by screwing up the gland nuts too 
tight. If they were left slack, small amounts of air would leak 
into the i)ump and might create very tiresome operating 
troubles, § 358. 

Tliese difficulties can be solved with varying degrees of 
success by methods described in the following paragraphs. 

82. Leakage between Impeller and Casing. If, as 
pointed out above, a pack(Hl gland around the impeller eye is 
ruled out because of wear and friction, and if metallic contact 
between impeller and casing is inadmissible for the same reason, 
then we must give up all ho])e of making a liquid-tight seal at 
this point. Since we cannot actually prevent leakage, then, 
we must do the best wo can to keep down the rate of leakage 
as low as possible. But already the mere acknowledged exist- 
ence of leakage brings a new complication into the design of 
th(' pump. Tlio impeller must be ca])abl('' of passing not only 
the stipulated quantity of liquid Q tliat issues from the delivery 
pipe, but it must also handle the additional quantity qi that 
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leaks back through the annular clearance space. This added 
quantity ji, which may amount to anything from 3 to 10 per 
c6nt of Q, is termed the “ leakage loss ” or “ slip loss ” or 
“ short-circuit loss 

The hydraulic principles that will assist in reducing the 
leakage loss are represented in Fig. 47 (i). As the liquid flows 
from a high level to a low level through a circular pipe with 
mean velocity its energy H is dissipated in three ways, viz. : 
(i) an eddy loss Aj at the sharp-edged entry, (ii) friction loss hf 
in the pipe itself, and (iii) an eddy loss at outlet. By suh- 



F[(.. 17. — Fl(m lliroimh j)assa^( s 

stituting in the basic equation H hi hf -{■ the customary 
values, we arrive at the expression : — 


H==Ci 


2g'^ d ' 2g~^ 2g 


To ensure the minimum rate of flow through the pipe, we ouglit 
evidently to make the pipe as small as possible or as long as 
possible. But even if the energy loss H, the lengtli Z, and the 
diameter d were fixed, the flow could still be r(‘du<*ed by giuu'r- 
ating increased turbulence, e.g , by abrupt cluinges oj* direction 
as suggested in Fig. 47 (ii). In this way an amount of energy 
hi 2 is dissipated. 

83. Theory of the Sealing Ring. (Comparing now' the 
passages (i) and (ii) with the actual pump, Fig. 47 (iii), we ob- 
serve that a circular pipe is replaced by an annular space of 
mean radius length I and radial width Diagram (iii), in 
foct, represents an enlarged view of th(‘ running (*learance 
between casing and impeller, Fig. 46. The pressure head 
difference between the two ends of the clearance space can be 
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aHtimatod by the met hod of § 74, that is to say, it will have the 
value 


/« 2 \* \ , 


He 


Tlio value corresponding to pipe diameter rf, to be inserted in 

4/Z Vi^ 

the friction term is now 26 ^, hence hf — . From the 

26 1 2g 

basic formula, § 82, we thus obtain the modified expression 
applicable to the pump : — 

„ rj («2/2j*r /riYl _ 4// 


If only we had an accurate knowledge of the radial clearance 
bi and of the friction coefficient /, then the velocity Vi of the 
leakage liquid could be computed from this expression, and the 
\aluo of the leakagt' loss would then be . {^Trrp^Vy In regard 
to the radial clearance bi, there is some doubt concerning it even 
when the pump is new, for the nominal dimension is so small — 
say 0-01 in. in a small pump — that manufacturing tolerances 
in macliiniiig the impeller and casing may materially influence 
its effective value. Then when the pump begins to work it is 
almost certain that the impeller will run slightly out of centre, 
Fig. 45 (i) ; and the resulting variation of bi at different points 
around the circumference will again throw doubt upon its mean 
value. Still greater uncertainties surround the task of estimat- 
ing the correct value of the friction coefficient /. The funda- 
mental assumptions that are valid when assessing the value of 
the pipe coeflunent /loi a smooth circular pipe are obviously not 
valid now. In traversing the clearance space, the leaking liquid 
does not move parallel with the impeller axis but it has a helical 
or corkscrew motion. Ne\ertheless encouraging results have 
been reached by investigators who have tried to develop a 
relationship between Reynolds number and friction coefficient 
analogous to the well-known relationships applicable to circular 
pipes. 

For present purposes, though, a much cruder conception 
will suffice : the clearance space may be regarded as an annular 

95 



ROTODYNAMIC PUMPS 


§84 

orifice of cross-sc'ctioiial area through which the fiow g'j 

may he evaluated by the ionnula 

f/j Cj.(7rdibi)V '2glJt 

where is the head-difference and 0^ is a eoefficienl whose 
value may vary from about 0*3 to about 0-7. 

Evidently in a single-inlet pump without balancing holes, 
Fig. 37 (i), leakage will take place through one clearance space 
only; but if the single-inlet impeller has a balancing chamber, 
Fig. 44 (ii), or if the impeller is of the double-inlet type. Fig. 37 
(ii), then two clearance spaces will be available. ISince addi- 
tional back-flow will certainly occur through the wafer-sealed 
suction gland, § 85, the grosfi leakage loss from all causes, after 
the pump has been in service for some time, can only be es- 
timated within very wide limits. As for ‘‘ oi)en inijn'llers. 



Fig. 37 (iii) and (iv), these manifestly fall outside the range of 
the above treatment. (Example 11) 

84. Types of Sealing Ring. Some common ways of put- 
ting into practice the principles illustrated in Fig. 47 are shown 
in Fig. 48. TyjK? (i) is of the basic pattern already seen in 
Fig. 47 (iii) which depends solely on hydraulic liiction and on 
turbuhmce at inlet and at exit. Tins means that the radial 
clearance must be kept down to its limiting value, wdiich for 
small pumps is O-Ol in. (nominal). In type (ii), additional 
eddying is generated at th<' shaip bend in the clearance passage, 
and there is also a greater surface exposed to friction. Tyi)e 
(iii) relies upon groo\es for increasing the hydraulic resistan<‘e, 
while the step in type (iv) directly recalls the joggled pipe in 
Fig. 47 (ii). A still more tortuous passage is contrived in type 
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(v), as a r(*sult of which the relative leakage loss, for a given 
railial (‘learaiicc, itia;^ onl'y Ih‘ about oiu* half of what it is in an 
(‘(juivaJent plain cylindrical passage as at (i). 

In point of fact the more complicated forms of passage are 
often preferred not so much to reduce the initial leakage loss 
as to discourage increased leakage during the pump’s working 
life. By depending upon eddying at sharp corners for thwarting 
the tendency to back-flow, rather tlian upon surface friction, 
we can afford to give more generous radial clearances. Con- 
sequently if the impeller in course of service gains more lateral 
freedom, it will not be so likely to rub against the casing. 
Nor must one forget tlie abrasive particles, suspended in all but 
the purest lilt ('red water, that are constantly trying to scour 
away the boundary surfaces of the clearance passages. 

To allow for tlie wvar that can clearly be foreseen, the pump 
designer makes the same provision that he does for other ele- 
iTK'iits subject to wear : he provides n'm'wable parts. Here 
tlu'y are called wearing-rings. During periodical overhauls of 
the ])ump, worn rings can quickly be stripped and replaced by 
new’ ones. lnexp('nsive pumps cannot affoid such luxuries at 
nil. Ordinary commcToial pumps may have wearing rings in 
the lixed casing, while large high-head pumps are likely to have 
renewable rings both in the casing and on the impeller. Some 
methods of attachment are suggest'd in Fig. 48. The loose 
rings are sometimes screw'ed into place and sometimes pressed 
into place. It will be manifest that if the labyrinth pattern, 
ty[)e (v), is to be used for a split-casing pump. Fig. 89 (ii), then 
the stationar}^ wearing rings must be slipped endwise into place 
on the imi)ellcr before the whole assembly is lowered home into 
the casing. They must then be located and locked before the 
top cover is put on. 

In accordance with usual rules for renewable parts, fairly 
soft gunmctal or white-Jiietal fixed rings would be suitable for 
the casing of pumps having improtected cast-iron impellers, 
while bronze is indicated if both stationaiy and levolving 
wearing rings are specified. 

85. The Stuffing-Boxes. At the points where the rotating 
shaft passes through the walls of the pump casing, packed 
glands usually serve to restrict leakage if suitable precautions 
are taken, § 81. 

4 


97 



ROTODYNAMIC PUMPS 


§86 

(i) Vndn Posiilri PnssHrc. lii many types of pump tJie 
problem does not aris(% because' there are no glands exposed to 
positive pressure. All types of double-entry pumps bi'Iong to 
this cak'gory, Fig. 39, and so also do single-entry pumps having 
balancing holes and balancing chambers. Even where, as in 
Fig. 38 (i), the delivery liquid has access to the stuffing- 
box, its pressure is relieved by the forced- vortex motion 
described in § 74. Provided, therefore, that the gland- 
nuts are not unduly tightened, and that leakage liquid 
can be suitably disposed of, the system is unlikely to give 
trouble. 

(ii) Under Negative Pressure. Just as some pumps have no 
delivery stuffing-boxes, so other pumps have no svetion stuffing- 
boxes. Some examples are shown in Fig. 38 (i) and (ii). On 
the other hand, split-casing pumps have two suction stuffing- 
boxes, Fig. 39 (ii) and (iv). Leakage of air into tlie casing at 
these points cannot be tolerated ; because of its mischievous 
possibilities, § 358, air must be excluded from tlie puni]) 
altogether. A water-sealed gland achieves this end simply and 
effectively, Fig, 49. 

By means either of external pipes, Fig. 58, or by internal 
drilled or cored passage's. Fig. 44 (ii), water from the })ump 
volute is brought mid-way into the stuffing-box, where it is 
distributed by a lantern-ring. A zone of high-pressure water 
is thus established which atmosplieric air is (]uite unable to 
pass. Leakage there w^ill probably be- leakage of water into 
the suctions spaces of the pump, and leakage of watei- out into 
the atmosphere. But these are of little importance : indeed, 
because of their cooling and lubricating effect on the gland 
packing, leakages may actually be advantageous. To force 
home the gland in the hope of stopping the leakage may only 
bring about the troubles mentioned in §81. 

86. Stuffing-box Details. As for the packing rings 
themselves, the softer they are, the better. For cold-water 
pumps, it is usual to choose cotton impregnated with grease or 
with graphitic compounds. There may be packing-rings on 
both sides of the lantern-ring. Fig. 49 (ii), or on the outward 
(gland) side only. Fig. 49 (i). Pumps that have renewable 
wearing-rings will also have renewable neck-bushes at the inner 
ends of the stuffing-boxes, Fig. 49. 
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To facilitate the opening-up of split-casing pumps, both the 
glands and the lantern rings may be split horizontally. The 
designer will in any event attend to such obvious points as 
ensuring that sufficient axial space is left for withdrawing the 
gland and inserting the packing-rings. 

Metallic seals in place of packed glands sometimes 
preferred for relatively small pumps. A hardened revolving 
collar on the shaft is pressed by means of a spring against a 
corresponding hardened facing inside tlie casing. 

87. The Casing : Inlet and Outlet Passages. This basic 
component of the pump lias been left until the last because its 
constniction must be adapk'd to so maTiy ])UTposes vhich first 
liad to be explained, e.g. supporting tlu^ bearings, guiding the 
liquid, accommodating sealing devices, etc., etc. Referring to 
the functional classification in 
§ 66, we arrive first at the 
consideration of the inlet and 
outlet passages. In all but 
the smallest pum])s -say 
with openings of 2 in. dia- 
meter and less the suction 
and d('livery branches may 
have standaid fianges for 
mating with standard ])ipe 
fianges. But the size of the 
pump branches, and the dia- 
meter of the pii)es in the main circuit ser\ ed by the pum]), 
need have no formal relationshi]) one with the other. If they 
happen to differ, as the> almost certainly will, then it is quite 
easy to iuteq)ose tapered reducing or enlarging pieces ; indeed 
tapered enlargements help most effectively in the recupera- 
tion process, § 45 (ii). 

As a rule tjie jmmp suction branch is made a little larger in 
diameter than the deliveiy branch : thus a 4 to 5-in. pump has 
a 4-in. delivery branch and a 5-in. suction branch, and similarly 
for 8 to 1 0-in. and 1 2 to 14-in. pumps. The reason is to encourage 
the use of a generously-])ro])(>rtioned suction })ipe which may 
be exjx*cted to impose only small energy losses on the incoming 
liquid ; this in turn makes high suction lifts easifT to attain, 
§ 253. It is not feasible to work to predetermined limits of 
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velocity in the pump branches, because in a given pump working 
at its designed efficiency, the discharge will vary with the head, 
§ 53. The notion of a flow ratio is preferable, using the notation 
that serves for establishing the impeller outlet area, § 52. If 
Z7o represents the mean velocity at the suction flange, and 


the effective head on the pump, then the value 




V 2gH, 


will 


vary from about 0*15 to 0-3, according to the specific speed of 
tlie pump. The connection between the two variables re- 
sembles the relation between and 0 as plotted in Fig. 54, 
wliich means that the inlet area of the pump casing is much 
about the same as the outlet area of the impeller. As suggested 
above, the area at the delivery branch is usually, but not 
necessarily, 20 to 40 per cent, smaller than the suction area. 
According to these niles, the velocity at the branches may 
vary within the range 6 to 30 ft. /see. 

In spite of this uncertainty, engineers find it convenient to 
use the diameter of the branches as a rough measure of the 
capacity of the pump ; they associate certain siz(^s with certain 
discharges, thus : — 


Diameter of suet i mi 

Rough notion of dischaige 

branch {inches) 

{gallons j)cr minute) 

4 

200 

6 

700 

V2 

3,000 

24 

11,000 

36 

25,000 


88. The Volute, (i) Hydraulic, In § 45 the principles 
were explained which enabled the volute to serve as a re- 
cuperator of pressure-head. It is common practice to compute 
the cross-sections at various points around the perimeter in 
such a way that the mean velocity ?;«; is held more or less uni- 
form, at a value equal to about 60 to 70 per cent, of the true 
velocity of whirl Vn of the liquid leaving the impeller, § 93. 
From the end of the volute passage the liquid is conveyed to the 
delivery flange through a conical or Hared oiitk^t passage of 
circular cross-section. But it is by no means essential that the 
volute cross-section should be circular ; examples of non- 
circular sections shown in Figs. 50, 51 and 78. Indeed, the 
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gi eater llie radial width of the voJiite in relation to the axial 
width- the more the cross seetion is elongated- the greater is 
the o])])ort unity for th(‘ hel])ful free-vortex motion (h‘])ieted in 
Fig. 30 (ii). The offset volute shown in Fig. 51 (iii) has some 
of the advantages as a recu])erator of the special type seen in 
Fig. 05. (Example 6) 

(ii) Mechanical. In a standard tyj)e of volute the metal is 
not well disposed for resisting the bursting action of the liquid. 
As Fig. 50 (i) shows, the internal pressure, which is roughly 
(‘quivalent to the manornetric delivery head, tends to 

crack open the casing along a circumferential zone of weakness. 
In small pumps, and in medium-sized pumps destined only for 



Ki(}. 50 — ot ( asjn^. 


low heads, no s])eeial ]>ro\ision is required to resist this ten- 
dency; but if the ])ressure is high or if tlie casing is large, 
reinforcement of some kind is essential. The first possibility 
is manifestly to cast th(‘ volute in steel instead of in iron. 
Constructional changes are shown in Fig. 50. The casing 
(ii) has external stiffening ribs : the casing (iii) has internal 
stay-vanes whicli s<‘rve as stream-lined tie-bolts. The inter- 
nal reinforcement makes a neater job, but tlu^re is evidently 
a risk that the stay-vanes may interfere with the flow of 
the liquid in reduced-flow and in creased -flow' conditions, 
(3iapter XIV. 

89. The Casing : Other Details. The typical forms of 
construction illustrated in Figs. 38 to 40 have suggested liow 
manifold are the methods of supporting the volute or of using 
it to serve as a support tor other components. In regard to 
general design, it is only necessary here to mention again the 
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nMjuinnueiits listod in § 68. Rigidity is a prime essential. 
Some other ])oiii1,s art' ; 

(i) Inlit Volute. In only one disposition oi suction branch, 
that shown in Pigs. 1^8 (i) and 40 (ii) in which the liquid ap- 
proaches the side-inlet impeller axially, are the inlet conditions 
beyond reproach. All other forms embody a bend or elbow 
which imposes irregular velocity components on the liquid just 
at tjie time when w'e should ju-efer complete uniformity. The 
passages of the normal sjdit-easing ])ump, Fig. 39 (ii), look as 
though they would be particularly liable to dissi])ate energy 
and thus to lessen the suction capabilities of the jmmp, § 253. 
Some makers of such pumps therefore j)ro\ide ver;y geiu'rous 
inlet passages, and by fashioning them into semi-volutes they 



give the liquid just the guidaiKv it likes. An example is shown 
in Pig. 51 (i). If the liquid at the moment of entering the 
impeller is found to have ke])t some of the whirl velocity 
deliberately forced upon it, this will not impair the ])ump 
l)erformance, so long as the impeller blade angh's aio suitably 
modified. 

(ii) hospiciion Opaniujs. Her<' is another reference to § 68. 
Although the desigiuT of the casing may always k('ep accessi- 
bility in mind, other considerations may take pn'cedence. Ho 
if he cannot i)roinise easy dismantling of the ])um]), he can at 
least offer ease of inspection on a limited scale. Hand holes in 
the suction elbows, closed by bolted doors, are extremely con- 
venient, Pig. 51 (ii). The reason why attendants usually want 
to look inside the ])um[) here, is to remove rubbish that may 
have wra])j)ed itself round the shaft or partially choked the 
imjKdler openings ; and by im^ans of the inspection openings 
tliey can do this quite (juickly. In very large pumps it may 
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also be worth while to provide a man-hole on the volute itself, 
Fig. 51 (ii). 

Centrifugal Pump Design 

90. Routine Computations. The intention in this jmrt. of 
Chapter VII is to lay down a routine for establishing as quickly 
as possible the main dimensions of the tyjx's of pump that have 
been described in earlier i>aragraphs. The justification for 
the general trend of the information will be found in the 
chapters on Pc^rformance in Part C of the book, and especially 
in (chapter XIll. 

In accordance with the 
general programme ])ro- 
])osed in Cha])t(T VI, the 
first step in design is to put 
the bofiic data in tlie form 
JIf effective head in feet 

Q discliarge in cubic fed 

per second. 

Next the .s/u/jx aumhir 
(specific speed) is estimated. 

If no oth(‘r guidance is a\ ail- 
able, the appropriate shape 
number of impeller to suit 
the specified head can be 
read off directly from the 
graphs, Fig. 52. They are 
intmided to indicate a (j( jurat tmul oalt/, and not to lay down 
a rigid eorr<‘lation. Thus small low -head commeicial pumps 
often ha\e shape numbers much lower than those suggested. 

91. Speed, Power, Efficiency. From the selected shape 
number (or from the siNH*ilic speed), the 

Rotaticmal ,sp(vd X iji revs, per min. is extracted from 
formula (5-4), § 59 : — 


Head, in Metres 



Kk,. 52 ivclrti loiishi]) bolMCHMi licad tuul 


1000 N 
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A more convenient form, suited to the units : feet, cub. ft-lsec., 
is : — 

N VQ 

ri, l-2:$2 — 

Ji} 

Tlie Water llorsi-pou'tr, or power oul])ut, lias llie value' 

QwH, 

~Jr>o 

wliere w ^ densitj'^ of liquid in lb.s./<'i>- ft- 

- 62-3 for clean water at normal temperatures. 

Gross or Overall EfficAency, This varies with the output 
power and Ihe shape number in the geiu-ral manner shown in 
the graphs, Fig. 53. A suitable value is found hj interpolation. 

Again it must be re- 


W.H.P. 
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momb(^red that siicli 
graphs only purjiort 

to show tiends or 
tendencies (^). The 
t ype of pump -wliether 
split-easing, end -suc- 
tion, etc., etc. - may in- 
fluence the efficiency in 

m m 200 250 300 35^ a manner that a gene, al 

Shape Number grapli cannot rcpi-esent, 

Kiu 53 — Kolatioiisliij) b(‘t^\coii slia^x nuiiilwi, § 

out])ut iijid icTK ^ . Moreover, Fig. 

relates only to tlie 

performance of nciv pvtnjJb under tfn most favournhh condifioihs. 
The probalfle sirrice efficiency of tlie pumps may be a few pvr 
cent, lower, § 258. 

Shaft Horse-powtr, R.H.P. This is the ininit power to tlie 

pump shaft. Its value is extracted from tlie relationship : — 

^ . W.H.P. 

Gross efficiency . . ((, Ki.-,) 

By adding a reasonable allowance to the shaft horse-])ower, we 
arrive at the requisite B.ll.P. of the motive unit, § 27(). 

Charts and graphs facing ]>. 480 will expedite some of the 
above computations. 
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92. Impeller Dimensions. Tho , shape ratios defined in 
§ 52 are useful here. Their average values as used in practice 
are linked in a gen(u*al way with tlu‘ iinpc'Jler shape number, 
thus : — 

Having decided upon the type of rotor, whether single-inlet 
or double-inlet, § ()9, we find the speed ratio (f) from the graph, 

^2 

Fig. 54. Then by means of the expression ^ ^ , the 



50 WO 750 200 250 50 700 750 200 250 300 350 

Shape Number tIq Shape Number 

Fia. 04 . lit'Iutioiislii}) slmjH* iuiiuIm'i and shM]>o ratios. 

Outside Diamder, rfg- To obtain this, known values are 

ird^N 


inserted in the ecpiatioii ro - 


60 


Width at Outer Periphery, This axial distance between 
the shrouds is found by first estimating from Fig. 54 the proper 
value of the width ratio A, and extracting from the equation 
^>2 - Atig the desired width. Tins first provisional estimat(‘ 
must afterwards be corrected as in § 94. 

Inner Diameter, d^. The ratio di/rfy varies not only with 
the shape number. Fig. 54, but also upon the type of impeller. 

Inner Width, bi. This dimension is often so chosen as to 
fulfil the condition b^d^ — b^d^ ; but sometimes it has a smaller 
4* 105 
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value, i.e., the velocity of flow decreases as the liquid flows out- 
wards. In any event a subsequent correction is essential, § 94. 

Number of Impeller Blades, n. This varies from a minimum 
of six for very low specific speeds, to a maximum of about 
twelve for very high specific speeds. 

Thickness of Impeller Blades, t. This will naturally depend 
upon the size of the wheel, the kind of metal, and the skill 
of the founder. Thin blades are favourable to good initial 
hydraulic performance, but they naturally cannot withstand 
cavitation erosion, (§ 257), as well as thicker blades can. A 
likely value of t for cast iron blades may range from 4 to 8 mm. 

The general proportions of impellers shaped according to the 
foregoing rules are illustrated in Fig. 55. 



F|(3. .'^,5. — RwlaiioiiHliij) botwooii shajK* iimnbor and iinjndli'r ]>ropurtioiis. 

^ (Head tho index mark against tlie scale.) 

.93. Impeller Blade Angles (“Cylindrical’’ Blades). 

This paragraph deals only with blades suited for two-dimen- 
sional flow ; they are described as cylindrical because they form 
part of cylindrical surfaces — though the cylinders are not 
necessarily circular cylinders. The blade surfaces could be 
generated by a line maintained always parallel with the impeller 
axis. Such rotors are adapted only for low and medium specific 
speeds. Mixed-flow blading (§ 28) is described in §§ 99, 107. 

The routine of calculation proceeds thus : — 
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Hydraulic Efficiency, rjj^. This value, § 164, is always greater 
than that of the gross efficiency, and may be tentatively 
estimated from the relationship : — 


where ranges from about 0*5 for low specific speeds to about 
0*8 for high specific speeds. 

True Whirl Component, In order that the pump may 
generate the stipulated head the liquid must leave the 
impeller with a tangential velocity component that can be 
computed from the relationship 

Ih = 7lK-— ■ ■ ■ % 


Ideal Whirl Component, Because the response of the 

liquid to the tangential impulsion of the blades is imperfect, 
§17, the outlet impeller blade angle must be suited to an ideal 
tangential component that is greater than the true one. 
The relation between the two is highly complex, and only a 
rough approximation can now be offered. It is : — 



where n is the number of blades, and is a factor that can be 
taken as about 3 for low specific speeds, and as about 5 for high 
specific speeds. 

Velocity of Flow, Having extracted from the appropriate 
graph, Fig. 54, the value of the flow ratio ip, we can at once 
compute the value of the outlet radial flow component or velo- 
city of flow Y 2 from the expression Y 2 ^ 2gHe^ 

Outlet Blade Angle, y. This is found from the expression 


cot y — 


~ V. 


Inlet Blade Angle, jS. Assuming that the inner edges of the 
blade are set on a circle of the same diameter d^ as that of the 
impeller eye, the value of the inlet flow velocity Y^ is extracted 
thus : — 


Y, 


V 
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Since the peripheral velocity at diameter di is 


ird^N 


the value 


of the inlet blade angle can be found from the expression 

tan S — — \ 

Velocity Triangles, By plotting the velocity triangles as in 
Fig. 56, a graphic imjwssion of the general solution of the 
problem can be formed. 

94. Corrections to Impeller Width. Two factors still 
remain to be accounted for. They are (i) the internal leakage 




Fjg 50- (.’oust ru( t ion foi ostablishiiig iin])elk*i hladc anglos, etc 


loss in the pump, § 82, and (ii) the obstiTJctioii to flow oife^red 
by the thickness of the metal forming the r? blades. A single 
correction will take caie of them bolli : ail that need be done is 
to move the impeller shiouds oi discs a little further apart. If, 
in the diagrammatic cross-section in Fig. 56, the broken line 
indicates tlie provisional position of tlie impeller shroud as 
computed in § 92, then the full line will show the final position. 
This slight shift will have no adverse effect, for tlie values of tlie 
width ratio jilotted in Fig. 54 an^ nominal only, based on the 
simplified conditions hitlierto in operation. 

According to §§ 82 and 83, the leakage loss qi may amount 
to anything from 0*03 Q to 0-10 Q, whore Q is the net quantity 
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coniiug out of the delivery pipe; and naturally in framing an 
estimale for a ])artieular design we shall try to imagine not what 
the leakage will be when the pump is new but when it has had 
a long period of service, § 258. Also it is evident from Pig. 56 
that the effect of the blade thickness t is to reduce the effective 
impeller inlet area from 77^161 to — nt cosec j3)6i, and to re- 
duce the effective outlet area from to (77^3 — nt cosec 7)62. 

Consequently the corrected inlet impeller width will have 
the value 

b* b ^ 

^ ^ \ Q ) cosec ^ 

and the corrected outlet width will have the value 

/C + ^i\ '^d'2 

\(f/ 


6 % 


77(^2 - 7it cosec y 
As a final cheek, one could compute directly the values 

Q 


b\ — inlet width 


b'o — outlet width 


Y-i{ 7 Tdi — nt eosec jS) 



— 7 it eosec y) * 


Similarly, after the shaft diameter has been estimated and the 
minimum diameter d^^ of the im})eller boss is known, the net 
inlet area of the impeller eye can be worked out; this should 
not be materially less than the net inlet area between the 
blades. That is to say : tor a single inl(‘t im])eller 

(77/4) (r/i^ dfyo') 


should not be less than (77^/1 — ni vosvv 

95. Impeller Blade Shape. An infinite number of blade 
shapes might be struck, each having the specified initial angle 
P and terminal angle y. For ordinary purposes only two of 
tlu^se are worth considering, a compound curve formed of tw^o 
circular arcs, and a simple curve formed of a single circailar arc. 
The methods of construction are illustrated in Fig. 57 (I) and 
(II) and explained below\ 

Compound (\irve (I). The successive steps are : — 

(i) On the circle representing the inner im])eller rim, 
mark off points A and B spaced apart according to tlu’ 
number of blades n. 
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(ii) Set off line AC making an angle j8 (the inlet blade 
angle), with radius OA. 

(iii) Draw the base circle of radius OD tangent to line AC, 

(iv) Draw DB tangent to the base circle, and continue the 
line beyond A^. 

(v) On line DBA^ mark off as shown the distanced t, Zj, 
and Z, where t is the blade thickness and Zj has the 

, 27t{W) 

value . 

n 

(vi) (Choose a point C on line AC such that, with C as 

centre, an arc of radius will pass through A and A^. 



(vii) Draw the first part of the blade, as shown, with radii 
rg and (r^ + t) respectively. 

(viii) On line A^C produced, choose a point E as centre such 
that arc A^A^ may be struck with radius rg, to fulfil 
the condition that the outlet blade angle y has the 
specified value. This must be done by trial and error, 
but the work may be simplified thus : With 0 as 
centre, strike another construction circle of radius 
7*4 ^ 1^2 sin y. Draw line EFA 2 touching the circle at 
F, If then distance EAi = distance EA^^ the line can 
stand ; if not, tr^ again. 
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(ix) With point E as centre, draw the arcs forming the 
second part of the blade. 

Simple Curve (II). The steps are : — 

(i) From point A 3 on the inner impeller rim, set off the 
angles OA^K ~ jS and KAjC = y, as shown in Fig. 57 
(11). 

(ii) Mark off distance A^O = outer impeller radius =^ 2 /^* 

(iii) Draw KL intersecting OG at right angles. 

(iv) With centre at K, viz. at the intersection of KL and 
A^K, and with radius r^, draw the arc A 3 A 4 repre- 
senting the centre line of the blade. 

Comparison with Figs. 6 and 7 shows that the compound 
curve I resembles the ideal blade form more closely than 
curve 11 does. 

96. Production Routine. The degree of finish given to 
the rotor easting has an appreciable effect on the pump per- 
formance and efficiency. Iron castings as a rule are only 
machined on the surfaces where this is essential ; elsewhere the 
skin is smoothed by hand. But when bronze castings are used, 
and when it is desired to maintain the highest possible efficiency 
over the longest possible period, then the whole of the external 
surfaces should be machined and polished, and the internal 
surfaces hand-finished and polished as far as this can be done. 

Then the impeller must be balanced, fir«t perhaps on a tem- 
porary mandrel and afterwards when finally mounted on its 
shaft. Metal can be removed by filing or machining, until in 
the end, when the shaft is set on levelled straightedges or on a 
balancing machine, the assembly remains in any position. 

The casing, designed in accordance with the rules of § 88 , 
will have to pass a hydraulic pressure tx^st before the pump is 
assembled. 

Methods of conducting running i(sts on the finished pump 
are described in Chapter XII. (Example 12) 

97. Standard Designs and Modified Designs. An 
example of a small ])um]) designed by the methods prescribed 
in §§ 90 to 95 is illustrated in Fig. 58. But although the graphs 
on which tlu‘ design is based (Fig. 54) are i-epresentative of 
current pi-actice, that does not mean that successful pumps can 
only be built by conforming to the stipulated values of speed 
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ratio, flow ratio, and the like. On the contrary, it may be 
necessary to make wide departures from these average values. 
By means of such deviations the characteristic performance of 
the pump may be modified within certain limits, § 214, and so 
also may the suction-lift capacity of the pump, § 253. Nor need 
these changes necessarily alter the numerical value of the 
specific speed or of the shape number ; so long as the pro- 
duct remains the same, so also will the shape number 

remain unaltered, § 59, It is important to remember this, 
otherwise one might get the impression that the geometrical 
shapes illustrated in Fig. 55 are the only shapes that can be 
associated with a given shape number. They are not. They 
are only the shapes that experience has shown most likely to 
be successful in ordinary circumstances. 

Another departure from standard practice is the use of a 
diffuser -ring type of recuperator, § 44, instead of the volute 
recuperator. As this practice is finding less and less favour for 
single-stage ])umps, it is discussed in this book only in con- 
nection with multi-stage pumps, § 122. 



pump iinpoller. (Suo § 99.) 


113 



CHAPTER VTII 


MIXED-FLOW AND AXIAL-FLOW PUMJ\S 



§No. 


§No. 

Range of typos 

. 98 

Design data for screw-typo 

Mixed-flow centrifugal pumps 

. 99 

pumps 

. 106 

Screw-typo rotors 

. 100 

Rotor blade angles . 

. 107 

Screw pumps ... 

. 101 

Rotor blade shaiie 

. 108 

Half -axial pumps 

. 102 

Design data for axial -flow pumps 109 

Axial-flow pumps 

. 103 

Aerofoil theory of design 

. 110,111 

Pumps with variable -pitch pro 

- 

Ajiplicat ion of aerofoil 

thfHiry 

pollors ... 

. 104 


112, 113 

Details of construction 

. 106 




98. Range of Types. Continuing to use the terminology 
of Chapters III and IV (but remembering that only in this 
book are these terms consistently used), we can say that the 
present chapter concerns itself with : — 

(i) Mixed-flow centrifugal pumps. 

(ii) Screw pumps. 

(iii) Half-axial pumps. 

(iv) Axial-flow or propeller pumps. 

In traversing the continuous range of ty i)es mentioned in 
§ 4 and illustrated in Fig. 36, we meet with rotors of steadily 
increasing shape numbers or specific speeds. As the rotors 
progressively change their shape we shall find, too, that the 
axial velocity component becomes more and more ])redominant, 
§ 28. From the point of view of duty or ])urpose, we have 
already seen from § 64 that the pumps now to be studied are 
specially suitable for raising large volumes of water against 
relatively low heads. To show that no sharp dividing line caii 
be drawn between the machines described in Chapter VII and 
the mixed-flow pumps described in this cliapter, it can be noted 
that the same diagram sometimes relates to both ty])es. Thus 
the impellers shown on the left of Fig. 55 are suited to the cen- 
trifugal pumps of Chapter VII ; those to the riglit are mixed- 
flow impellers and their blade form is discussed here. But if 
some arbitrary limiting numeral is demanded, one can say that 
the following paragraphs all relate to pum])s having a sha])e 
number greater than about 150 to 200. 
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Although ill general the pumped liquid will still be cold 
water, it can often only be termed clean in relation to the par- 
ticular kind of duty required. Thus the pump must be ready 
to accept such impurities as are common in river, sea, and canal 
water, e.g., suspended mud and silt, and such floating refuse as 
has passed through coarse grid screens. Sometimes sewage 
must be handled. 

99. Mixed-flow Centrifugal Pumps. The general pro- 
portions of mixed -flow rotors, both of the single-entry and 
double-entry typos, can be read from the appropriate parts of 
Figs. 54 and 55 ; it is only in regard to the blading that the 
descriptions given in Chapter VII require to be supplemented. 



Firj. 60. volitional and truo projoctions of rnm^d-flow impollor blades. 

To distinguish mixed-flow single-inlet impellers from the 
(nominally) radial-flow type with so-called “ cylindrical 
blades, § 93, tlie mixed-flow form is sometimes given the name 
“ Francis ” because of its resemblance to a Francis turbine 
runner. Occasionally the term ‘‘ helico-contrifugal is used. 

In developing along practical lines the elementary treatment 
of three-dimensional flow offered in §§ 32 to 34, we have now to 
think not so much about the liquid as about the pattern- 
maker and the moulder and the machinist ; and the more so 
because of the complex forms that the blades must inevitably 
take (^). The first essential is to get a clear impression of what 
the blades look like. Tlie perspective view of a mixed-flow im- 
peller in Fig. 59 should help, while various forms of ortho- 
graphic projection are given in Fig. GO. The orthodox system 
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§ 100 

(i) that has hitherto been used for all earlier diagiains is purely 
conventional ; it does not represent the actual ap].)earance of 
the blade, but only gives a projection on to a diametral or meri- 
dional plane, § 31. Suppose, for instance, that we wish to plot 
according to this system the position of the point ^ whose true 
position is shown in the other views in Fig. 60 ; then we truly 
mark off its radial distance r from the rotor axis and its axial 
distance I from the inlet plane, but wo take no account of the 
angular position of the point in relation to a selected diameter. 
This system is advantageous when questions of blade loading 
are to be studied, § 26. Besides the 
true projections, Fig. 60 (iii) and (iv), 
which correctly depict the blade form, it 
is worth while to study the true cross- 
section (ii), for it gives a good impres- 
sion of the shape of the passages through 
which the liquid flows. 

The volute type of recuperator in- 
variably used for mixed-flow centrifugal 
pumps only differs in its proportions 
from other volutes, § 45. The exam})le 
shown in Fig. 61 is suited to the im- 
peller depicted in Figs. 59 and 60 ; tlie 
- assembly relates to the vertical-shaft 
pump shown in Fig. 40 (ii), but is here 
shown turned on its side for con- 
venience of comparison with other 
Fifj.ci. mixed-flow jmmps. The volute for a 

contiifu^raj clouble-ciitry mixed-flow j)iimp has been 

shown in Fig. 51 (i). 

100. Screw-type Rotors. Hydraulically there seems to be 
little difference between the screw-typ<^ rotor scx^n in Fig. 62 
and the Francis type impeller shown in Fig. 59. Mechanically 
there is one very real distinction ; whereas the impeller has an 
outer ring or shroud for supporting the blades, the screw-rotor 
has not. So long as the shroud was present we have felt justi- 
fied in calling the pump a centrifugal pump ; when it lias dis- 
appeared we have to use the names screw pump or half -axial 
pump, § 47. In this book the term screw pump implies a volute 
type of recuperator, while we associate the nanu" half-axial with 
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a co-axial recuperator. The screw-type rotors for the two 
categories are virtually identical (*). 

The corresponding views in Figs. 60 and 63 suggest that the 
individual blades of the screw-rotor are not dissimilar from 



Fig. 63. — Trim shapes of bcrew-typi' rotor 
6:i. Si rt‘>\ -t y]K‘ lotor. blades. 


lliose of the mixed-flow impeller ; but whereas the impeller 
may liave ten or twelve blades, § 92, tlie screw-rotor only has 



Fi(.. <)4. Screw puiiii). 


three or four. Although tlie blades of the screw-rotor are so 
few, yet the spaces between them may still properly be called 
passages, as can be seen from the section XX in Fig. 63. 

101. Screw Pumps. From the example of a screw pump 
illustrated in Fig. 64, it is evident that there is still a basic 
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resemblance to the original side-inlet centrifugal pump, Fig. 38 
(i). In the alternative design in which the rotor is supported 
by a bearing on each side, Fig. 65, a recuperator is shown which 



Fta (if) — Alternati\e form of Bcrou puin]) 


is not a true volute ; the recuperator is rather intended to 
encourage a circulation of the liquid in a direction at right angles 
to the pump axis. To borrow an illustration which was first 



Fig. 66. — Half axial puiii]). 


applied to the hydraulic coupling, one might say that the path 
of an element of liquid after leaving the rotor resembles “the 
stripe on a barber’s pole that has been bent into a circle 
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This type of recuperator is found to be quite effective, alike for 
screw-rotors and for mixed-flow centrifugal impellers. 

Screw pumps may be arranged either with horizontal or with 
vertical shafts. (*)• 

102. Half-axial Pump. The combination of a screw-rotor 
and co-axial recuperator, Fig. 66, is nearly always arranged with 
liorizontal shaft. From the perspective view of the recuperator, 
Fig. 67, an impression may be formed of the way in which the 
inlet edges of the blades are canted over to suit the direction in 
which the liquid leaves the rotor. The illustrations make it 
clear that the number of these guide blades is always greater 
than the number of rotor blades. 

Since the performance and 
efficiency of screw pumi)s and 
half-axial pumps are so nearly 
equal, the clioice between them 
is often governed by their adapt- 
ability to the particular lay-out 
of the pipes and conduits in which 
the pump is to be interposed. 

103. Axial-flow or Pro- 
peller Pumps. Two features 
coinnion to all types of ])ro]Kdler 
pump are (i) the general direc- 
tion of flow through the pump 
is (or is assumed to be) purely 
axial : there are no radial components, § 35 ; and (ii) the re- 
cuperator is invariably of the co-axial form of the general type 
shown in Fig. 32 and Fig. 67. No violent transition is there- 
fore necessary to bring us to the extreme or limiting type of 
rotodynamic pump ; to convert the (nearly) axial direction of 
flow in the half-axial pump to the fully axial flow of the pro- 
peller pump, we need hardly do more than replace the screw- 
type rotor by a propeller-type rotor. 

Axial -flow pumps may be arranged with (a) horizontal, 
(6) inclined, or (c) vertical shaft. Their rotors may have blades 
set at an invariable angle, or the blades may be adjustable ; 
this possibility of adjustment forms a valuable attribute of 
these pumps. 

The vertical unit depicted in Fig. 68 gives a good impression 
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of the extremely compaci disposition of such pumps In 
addition to the essential rotating propidler blades and tixed 
recuperator blades, there may also be fixed radial inlet guide- 


as snown ny nroKcn lines 
is to impose true axial flow on 
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111 rue aiagram ; tiieir purpose 
the water, i.e., to remove any 
accidental whirl components, 
before the water enters the 
zone of influence of the rotat 
ing blades. Although the ro- 
tating blades and the boss or 
hub which supports them may 
be cast in one piece, it is often 
convenient to form the blades 
separately even if no adjust- 
ment is envisaged while the 
pump is running. Possible 
methods of attachment are 
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indicated in Eig. 69 , suited for (i) relatively small pumps and 
(ii) relatively large jmmps ; the limited range of adjustment of 
blade angle is usually sufficient to permit peifoimance to be 
suitably corrected after the pump has been tested, drained, 
and opened up. 

104. Pumps with Variable-pitch Propellers. If the 
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range of variation of the blade angles is considerable, thus 
permitting the pump performance to be controlled at will 
during normal service, then the axial-flow rotor is described as 
a variable-pitch propeller. The mechanical basic resemblance 
to a variable-pitch airscrew is very close. The principle as 
a])p[ied to an inclined-shaft pump is illustrated in Fig. 70. 
Each of the blades— which here are four in number — has a 
stub-shaft which ])rojects into Ihe interior of the hollow hub 



or boss rather after the fashion of Fig. 09 (i). But now proix^r 
provision is made for lubricating the stub-shaft as it turns ; 
and for communicating the turning movement there is a short 
(*ranlc actuated by links from a cross-head attached to an axial 
operating rod. From the small key diagram (iii) and from the 
sectional view (i), Fig 70, it is clear that iiKAement of tJie 
operating rod which i)asses through the hollow pump-shaft will 
cause each of the four blades to swivel about its axis and 
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thereby alter the inlet and outlet angles. Diagram (ii) shows 
the appearance of the rotor with blades fully opened and with 
blades fully closed. Tlie very beneficial effect on the pump 
performance of pitch variation is explaincnl in § 216 (6). 

If the casing in the region of tlie rotor were truly cylindrical, 
it would not be possible to maintain, for all blade j)ositions, the 
desired small radial clearance between the outer rim of the 
blades and ihe walls of the casing. Fig. 70 (i) ex]>lains how 
this difficulty is overcome. So fai as possible, th(' ap])ropiiate 
surfaces are made of spherical form, struck from a centre l\ing 
at the intersection of tlie stub-shaft axis with the main pumj) 
axis. 

As for the manner of adjusting tlie blade angles, there are 
tw^o possibilities : (i) after momentarily sto])ping the ]nimp, 
a pinion may be brought into mesh witli a i^ack on the operating- 
rod, and an external handwheel us(xl to move the rod, (ii) if the 
oj)erating rod can be controlled by an extcTnal revolving slecwe, 
then the pitch of the blades can b(‘ altiTed while the jmmp 
is running. Some ty]X' of servo-motor attachment will make 
remote control feasible. 

MeOHANK^AL DeTXTLS and WoUKTNG PROPOimONS 

105. Details of Construction. Many of the factors which 
govern the design and construction of centiifugal pumps, 
Chapter Vll, are operative hcTc also, so it will sirfiice now to 
indicate the main departures from the descriptions aln^ady 
given. 

Casing. As delivery pressures are ahvays relatively low, 
there is little difficulty in designing the casing so that it has the 
necessary mechanical stnmgth. The casing is often so big that 
it is necessarily bolted together from se])arate castings, wil h one 
of the main joints lying preferably in the diametral ])lane. 
Brackets cast on the lower seel ions transfiu the w^eight of tlu^ 
pump to concrete foundations or to cast or rolled beams. 

Axial Thrust. Excejfi in mixed-flow double-inlet centri- 
fugal pumps, tluTC is no ])ossibili1v of e-liminating, even idcvilly, 
the resultant hydraulic axial thrust on the rotor. It is true 
that balancing holes, § 77 (ii), will co»isid(*rably reduce the 
thrust on other ty2)es of mixed-flow rotors, and tlu‘se holes are 
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ill fact indicated in Figs. (U> and 03. No relief at all can be 
found from tiie still greater axial tlirust on axiaMlow rotors, a 
thrust whos<‘ valut^ can be €\stiniated by the inetliods of §§ 37, 1 13 
(iii). Consequently the thrust-bearing, § 78, nearly always re- 
quires serious thought. 

Bearings, Shaft, Stujfing-box, etc. The heavily-loaded thrust 
bearing just mentioned may be of the ball type for small pumps, 
but for large pum})s there is no alternative to the tilting-pad 
type. Air-cooled Michell bearings are provided for the pumps 
in Figs. 00 and (iS ; artificial cooling is often necessary for 
larger units, either by water- jackt^ting the bearing housing or 
by circulating the oil through a cooler. Internal journal or 
steady bearings, as in Figs. 00 and 08, may be white- metal lined 
and lubricated by giease forced through small-bore piping by 
an exbTual greasc-puinp. Bearings lined with water-lubricated 
“})lastic or with self- lubricating bronze are also available. 

The shaft si (eves, § 80, often ])roteet the whole surface of the 
shaft that is exposed to the liquid ; an example is seen in 
Fig. 05, Monel metal is a good material for them. 

If icaUr-siahd stuffing-boxes are necessary, § 85, they may 
need a special su])])ly of liltered water, for the muddy or dirty 
water passing through the pump would do more harm than 
good if it \vt‘U‘ fed to th(* lantern-ring. If the pump wwks in a 
siphonic circuit. Figs. 200, 201, 204 (1), an independent supply 
of sealing-Avater und<a‘ ])ressure is likewise essential. 

Sialing-rings, (tc. In mixed-flow^ centrifugal pumps, in- 
ternal leakage may be controlled by sealing-rings, renewable or 
otherwise, as in § 83. Sealing-rings may likewise reduce the 
leakage loss through tlu' balancing holes of screw^-type rotors. 
But the h^akage ])ast the unsupported edges of screw-type 
rotors and axial-flow rotors can be ke])t within permissible 
limits in onc' Avay only, viz. by maintaining the smallest prac- 
ticable running clearance betwenm the blade edges and the 
internal walls of the casing. Sometimes the easing in this zone 
has renew^able or adjustable sections. 

106. Design Data for Screw-type Pumps. These notes 
are suppkmientaryto those in §§ 90 to 96 that relate to centrifugal 
])umps. It must here be ])ointed out that the relation between 
shape number and working proportions no longer follow^s such 
a regular progression as was plotted in Fig. 54. 
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§ 106 

Shajye Nvwbir, From § 04 we find llial tlio Hlia})e number 
of screw-type rotors should be kept within the range 250 to 500. 
By the metliod of § 50, it ean be shown tliat if nominal values 
are used as explained be]ow% the shape number can be jiiit in the 
form ~ 475<^\/0. 

Orofis Efficiency. Although in a very general w^ay the 
graphs reproduced in Fig. 53 give some sort of guidance, at least 
as regards trends and tendencies, it is difficult to give any more 
precise statement than this, that even for screw^-type pumps 
exceeding 200 h.p., the gross efficiency rarcl} exceeds about 
0-87. 

Rotor Proportions. It is convenient to us(' nominal values 
of the speed ratio and the flow ratio i/j, based on the inlet 



^ K. 71 Ll( iiH Ills oi 1\})( (It 

diameter of the screw^-fype rotor. Fig. 71. The usual range of 
values is : — 

Speed ratio (f) _ 1-0 to 1-7. 

A 

r 

Flow ratio i/j - - - "H — __ 0-3 to 0*0. 

V2(jH, V2gH, 

If the nominal width ratio A is leferred to the mean outlet 
diameter, as in tlie diagiam, then its \alue may range 
between 

X — - 0-25 to 0-3. 

a •>«. 
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The ratio 


mean outlet diameter 
inlet diameter 


= is likely to have a value 


rather greater than 1-0 for medium specific speed pumps, and 
rather less than 1-0 for high specific speed pumps. The ratio 


inner outlet diameter 
outer outlet diameter 


^2a 

^2b 


may range from 0*7 to 0-9. 


Number of Eludes : Rotor : 3 to 5, 


Recuperator : 6 to 8 . 


There should preferably be an odd number of blades either in the 
rotor or in the recuperator, but the two numbers should never 
be equal. (Example 13) 


107. Rotor Blade Angles. Ideal fiow through mixed-flow 
rotors was described in § 34 ; departures from these ideal con- 
ditions were foreshadowed in § 41 ; and now we have to make 
still further simplifying assumptions in order to adapt the basic 
theory to practical use in design otfices. The most important 
of these is, that along an}^ transverse line of equal energy such 
as (( in Fig. 21 (i) the meridional velocity is uniform. In other 
words, the velocity varialioiis mentioned in § 33 are to be 
disregarded, and a nominal mean value used instead, based on 
the transverse width of the rotor passages. Thus in Fig. 71 (i) 
the nominal mean meridional velocity at inlet has the 

Q 

value — — and the corresponding value outlet 


would have the value 


Q 

'ndombz 


But it would be quite unjustifiable to assume that peri- 
])heral velocilies are likewise imiform, so there still remains the 
need for computing the blade angles relating to a number of 
directive surfaces, § 34. Here it must suffice to study by way 
of example one such surface only, and it may conveniently be 
the outermost one, viz. the one struck out by the generating 
line ( 7 ]j 72 in Fig. 71. The inlet and outlet blade angles may now 
be com])ut(Hl by tlie metliods of § 93, always remembering that 
the rules for estimating the hydraulic efficiency 77 ^, and the 
whirl comj)onents F„ and must now be interpreted only in 
the broadest sense. 
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108. Rotor Blade Shape. In Figs. 56 and 57 it was 

permissible to plot in a single plane all the angles and vectors 
involved. Now it is not possible. The nature of the problem 
can be seen from Fig. 71 (ii), where the plotting has been done 
by isometric projection. In confoi'inily with tlie procedure of 
§ 32, tlie inlet velocity triangle must be set in a plane tangential 
to the directive surface at point ; similarly the plane of the 
outlet velocity triangle must touch the directive surface at 
point f/a* Although instructive, tlie resulting diagram is 
valueless for design puT‘])oses ; it does not suggest any practical 
way of laying out tlie curve joining the two ])oints A^A 2 — the 
curve, that is, that will represent on(‘ of the blade edges visible 

in Kig. 62. Tlie difhciilty 
again reminds us of the 
limited utility of the custom- 
ary type of jirojection used 
in Fig. ()0 (i). 

A second simplifying as- 
sumption is thus necessary, 
viz. that the curve g^g^ in 
Fig. 71 (i) can bo re])lacod 
by a straight lino, from 
which it follows that the 
directive surface can now be 
taken to bo conical, § 32. 
Tliis conical surface can at 
once be developed by the 
ordinary rules of geometry, 
giving the figure plotted in Fig. 72. On this ilat devcdojied 
surface the velocity diagrams can bo set off true to scale, and 
the blade outlines can be struck l)y circular arcs just as in § 95. 

When the blade shapes for the other selected directive sur- 
faces have been drawn by a similar ])rocess, the final setting- 
out of the blades in a form suitable for the pattern-shop might 
be done in the way suggested in Fig. 63, using a ranges of cross- 
sections as cut by a series of jiarallel planes normal to the rotor 
axis. 

(Notes on the recuperator blades for half axial |)iun])s are included in § 109.) 

109. Design Data for Axial>flow Pumps. The nominal 
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A/aliios of tJu^ shape ratios to bo used liere can be based on the 
outer rotor diameter and tJie inner rotor diameter Fig. 73. 

Shape Number. Ranging in value from about 400 to 800, 
the shape number can be put in the form : — 

"■“-‘’“Wi-d”)’- 

Gross Efficiency, rj„i. Until recently few reliable figures for 
gross efficiency excoedcnl about r]^ — 0*85, and it would still 
be ])rudont to keep to this maximum wlu^n making preliminary 
estimates. In this connection it has to be remembered that 
test results for pro])cller jiumps are peculiarly liable to error, 
§§ IbO, 176. 

Rotor Proportions, 'rhe range of shape ratios may be taken 


as : — 


1 -1 • # ird^N 

S])eed ratio ~ cb — ~ — 2-0 to 

V2<jH, V2gH, 


Flow ratio - ijj — 


Y,. 


Q 


V'2<jII, (7r/4)(f42-fZ„2)\ 2(jH, 


2-7. 

0-25 to 0-6. 


T . . tt 

Diameter ratio - — - 0-5 to 0*6. 
db 

Rhdc Anglis. Since tJi(‘ directive surfaces may now be as- 
sumed 1o be truly cylindrical, they may be developed ready for 
plotting the velocity diagrams as in § 3(). TJie important 
correction to be api)li(‘d to the diagrams of Fig. 23 (i) is the very 
uncertain one that links the true whirl component with the 
ideal whirl component, 

Bkidi Number. The axial-flow rotor may have from three 
to five blades. 

Blade Shape. The cross-sections in Fig. 73 give an impres- 
sion of the change in inclination of the blade surfaces as the 
radius changes. 

Recup( rator. The number of recuperator blades is always 
greater than the number of rotor blades, and one or other of these 
numbers should be an odd one. Figs. 32 and 73 suggest how 
the inlet angle of the guide blades corresponding to each direc- 
tive surface must accommodate itself to the absolute outlet 
velocity vector of the outlet velocity diagram. Manifestly this 
angle must i‘elate to the true outlet whirl component, not to the 
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ideal ojie. Thus if 8 is the required inclination, Fig. 73, then 

tan S ", 

In a general way, these comments apply also to the co-axial 
recuperators of half-axial ])umps, Fig. 67. (Example 14) 
110. Aerofoil Theory of Propeller Pump Design. (*) 
The theories developed in an elementary fashion in §§ 38 and 39 
may be of considerable practi(*al utility to thi^ designer. An 

alternative presentation of 
the elements concerned, 
taking into account the 
con*ection mentioned in 
§ 41 (ii), is offered in Fig. 74. 
Diagrams (i) and (ii) aie in- 
tended to show how the 
performance of an aerofoil 
ma\ be affected when it is 
no longer solitary (i), but 
forms instead one of a group 
I - a grid or cascade— oi ideu- 
I tical aerofoils (li), all set at 
/ the same inclination a. The 
/ differences revealed by ex- 
periment are 

(l)The single blade has 
no ultimate influence on 

Pm. , ...ss s, , t.m.s direction of the liquid 

aii(i lociiptMatoi 01 «»\uu now jimuj) n . . * 

stream flowing past it. At 
a sufficiently great distance behind tlie blade, the velocity U of 
the liquid is in no way different fiom what it was origin- 
ally, (i). The cascade of aerofoils (ii), on th(' other hand, 
does permanimtly deflect the entire liquid stream through an 
angle 6. 

(2) Whereas the angle of attack a, aiul therefore the lift and 
drag, of a single aerofoil are related wholly to the magnitude 
and direction of the approach velocity V, the corresponding 
values for the cascade aie more nearly dependent upon the 
velocity Uc whicli is the vectorial mean of the approach velocity 
U and the leaving velocity Ui, Although in Fig. 74, therefore, 
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the blades at (i) and (ii) have exactly the same inclination to an 
arbitrary datum line, yet the effective angle of attack has been 
reduced from a to ag. 

(3) The lift and drag on the aerofoils in cascade must now 
be regarded as the components of the total dynamic thrust, 
normal and parallel to tlie effective or mean velocity Uq. Almost 
certainly the values of the lift and drag coefficients will thereby 
be sensibly modified, altliough if revised values are not available 



the original ones may provisionally be accepted. Naturally 
these revised values will be based on the new or effective angle 
of attack, a^. 

111. Aerofoil Theory {continutd). Armed with a know- 
ledge of the characteristics of the grid of aerofoils, we can turn 
the grid over on to its back just as we inverted the single blade, 
Fig. 24. The resulting diagram. Fig. 74 (iv), now serves to 
represent also a developed sectional view of a set of pump 
blades comparable with Fig. 23 ; hui here the blades are to be 
regarded as narrow elements such as the one shown by hatching 
in the plan view. Fig. 74 (iii). The corresponding combined 
velocity diagrams reproduced in Fig. 74 (v), relating to the 
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selected mean radius r, are the counterparts of the two sets of 
diagrams plotted in Fig. 23. Comparing the stationary cascade 
of aerofoils, Fig. 74 (ii), with the moving set of blade elements, 
Fig. 74 (iv), we observe that absolute velocities in the one corres- 
pond to relative velocities in the other thus : — 

U = Vri\ Ui=r Vr2 I 

A sufficiently accurate method of estimating the mean relative 
velocity v^m is suggested in diagram (v) ; we set off BD \BG, 
and accept the vector DA as equivalent to Further, 

the angle 6 through which the stationary grid deflected the 
liquid stream is now represented in diagram (v) by the angle 

V — ?■ 

It is at this point that we begin to take a different view of 
the rotor blades and their purpose. Hitherto it has been some- 
thing like this : we begin with a thin sheet of metal which we 
curve and bend until its edges Just fit the angles of the velocity 
diagrams. Then we bend the sheet rather more to compensate 
for the unwillingness of the liquid to follow the curvature of 
the blade, i.e., we try to allow for the difference between V n 
and Fqq. Finally we thicken up the blade a little to give it 
mechanical strength, make still anotlier correction, and accept 
the resulting article as fit to take its place in the rotor. Now 
there is to be no question of flexibility ; right from the start 
we have to realise that we are dealing with a solid, unyielding 
piece of metal, whose shape will conform more or less to tlie 
cross-sections drawn in Fig. 73. Nevertheless there are three 
methods of controlling the behaviour of the blade : — 

(i) We can choose whatever shape we like from the great 
variety of standardised sections developed by tin* aeronautical 
industry. For each shape there is information available to 
show how the lift and drag coefficients vary with the angle of 
attack — ^information which may be presented in graphs such 
as those in Fig. 75. 

(ii) We can vary tlie size of the blade ; that is, still keeping 
the specified geometrical proportions of the selected cross- 
section, we can make the chord length c longer or shorter, 
Fig. 74 (iv). 

(iii) We can vary the incliimtion of the blade, by tilting it 
about a transverse axis as in Figs. 69 and 70. 
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By making use of these various possibilities of adjustment, it 
is the purpose of the designer to ensure that : — 

(а) At the chosen mean radius r the blade element will im- 
part to the liquid the stipulated true whirl component Fg. 

(б) The element will be big enough to impart energy to the 
liquid at the specified rate. 

The one requirement is concerned with the head the pump 
develops ; the other with tho power to bo transferred. It is to 
be noted that the . . . Fqq problem has been completely 
dropped. 

112. Application of Aerofoil Theory, The successive 
steps in an actual design computation are : — 

(I) By the methods previously explained, estimate the rotor 
dimensions, the axial flow velocity Y ay and the hydraulic 
efficiency § 109. 

(II) Choose suitable values for the mean radius r and width 
6 of a blade element, and compute corresponding values of 

gH, 


the peripheral blade velocity v, and whirl component = 




(III) From the plotted velocity diagrams, find the value of 
the angle of defieelioii 6 — y — and the values of the magni- 
tude and direction of the mean relative velocity vector, 

Fig. 74 (v). 

(IV) Having selected a likely aerofoil shape, use its char- 
acteristics when in grid formation to find the angle of attack 
a^, relative to the mean vector U^y Fig. 74 (ii), which will 
enable the grid to (h‘flect the liquid stream through the stipu- 
lat(‘d angle 0, In the grid the pitch of the elements must have 
the correct value 


2771 * 

Ip — . 

n 

(V) The inclination of tlie blade element is now known : 

the element must be set at an angle ac in relation to the mean 
relative velocity vector Vrm — Fig. 74 (v). 

(VI) From the aerofoil characteristic curves. Fig. 75, find 
the value of the life coefficient and drag coefficient 
referred to the mean vector U c ci'^f'd angle of attack a^. Since the 
lift L and the drag D on the element are proportional respec- 
tively to and Cp, the vectors L and D can be plotted to 

181 



§112 ROTODYNAMIC PUMPS 

some arbitrary scale, as in Fig. 74 (iv). (Note that L is per- 
pen&cular to the mean relative velocity vector i;„„, while D is 
parallel to v,^). The diagram is completed by adding the 
vec ors „ and P^, perpendicular and parallel respectively to 
the direction of the blade velocity, v. 

(VII) Evaluate chord length c in the following manner 

Let Ei represent the energy per second imparted to the 
liquid by each of the n blade elements. Its value can 
be expre.ssed in two diiferent ways, thus 

(i) Weight of liquid per second that each blade element 
acts upon 



ij! 

9 




27rrh 

= Y,. 

n 

Kneigy jxm* unit weight 
imparted to liquid 

(from (II), above) 

Therefore 
2n7'b 
n 

( 8 - 1 ) 

(ii) Since each blade ele- 
ment, mo\ ing with 
velocity encounters 
a resistance [iv the di- 
reckon of t;) denoted by the work done per second 
in overcoming this resistance ~ P^.v. 

That is, 


\ ) 9 


Fig. 75,- 


-Typicdl aerofoil 
fomiaiice. 




Now the term P^, aIz., the tangential component of the 
total resultant dynamic thrust P on the element. Fig. 
74 (iv), can be written 






The ratio can be scaled off directly from the vector 
diagram. 
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The lift L has the value Cj^.w.b.c, 

equation 3-1). 

Whence 


Kl) (‘•’■■•“’•‘•'■ir)] '’ ■ 

Equating now the two values of from equations (8-1) 
and (8-2), we find : — 


In this identity, all the terms are known except C, the 
chord litigfhj whose value can thus finally be extracted. 

(Vni) Et‘p<\‘it the whole process for another blade clement 
at a new radius r, and continue until the whole distance from 
inner to outer rotor radius has been explored. 

113. Comments on the Aerofoil System, (i) It is an 
essential advantage of the jn'oeedure just outlined that for each 
of the various blade elements, each at a different mean radius r, 
a different t;yq)e of aerofoil section may be chosen. Near the 
root of th(‘ blade the section might be relatively thick and 
stumpy, while near the rim it should preferably bo slender. 

(ii) A study of the force diagram, Fig. 74 (iv), makes it 
clear that tlie most favourable blade element shape is the one 
whi(*h has the least value of the ratio DjL. Although the ex- 
pr(‘ssion {I\v — I)Cr„i)IPtV siTves as a measure of the efficiency 
of the blade elenumt, just as a similar expression has already 
done, § 39, yet wt have hero to note that this efficiency is 
necessarily higher than the hydraulic efficiency of the pump as 
a whole. 'J^'lie reason is this, that the energy input per unit 
Vov 

weight - — ^ account not only the 

energy loss associated wdth the drag D, but also the energy loss 
in the recu})eralor, § 201. Nevertheless a knowledge of the 
blade efficiency gives useful guidance in forecasting the pump 
hydraulic efficiency. 

(hi) From the force diagram we can also scale off the axial 
thrust Pa per blade element, and thus we can estimate pretty 

133 



§113 ROTODYNAMIC PUMPS 

closely the total axial thrust, 5!Po> *^0 be taken by the thrust 
bearing — ^a very important figure. 

(iv) The necessary information relating to aerofoil perform- 
ance when a particular grid formation is specified is in fact by 
no means easy to obtain ; and in any event the whole procedure 
calls for a good d^^al of experience and judgment in its actual 
application. 

(v) At the end of a chapter largely devoted to the design 
and construction of axial-flow pumps, it may be worth while to 
turn back to the original diagram, Fig. 2 (iv), wliich sliowed the 
basic principle of generating pressure-head by forcing a row of 
blades transversely through a stream of liquid. 
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§No. 


§No. 

Why multiple rotors ? 

114 

Barrel pumps : ring pumps 

. 121 

Multii)l 0 pumps or multiple 


Diffusers and return passages 

. 122 

rotors ? . . . . 

115 

Axial thrust 

. 123 

Rolors in parallf‘1 

116 

Theory of balance -disc 

. 124 

Multi-stage pumps . 

117 

Design data for multi - stage 

Range of typos 

118 

pumps 

. 125 

Split-casing two-stago pum})s 

119 

(instruction and assembly 

. 126 

Other split-casing pumps . 

120 

Other types of pumps 

. 127 


114. Why Multiple Rotors? According to the standard 
routine recommended in § 04, the first step in pump design is 
to find from tlie ai)propriate formula — or by any otlier likely 
method — ^tho specific speed or shape number of the rotor. 
Hitherto we have conveniently assumed that the resulting 
number has fallen within permissible limits. But suppose that 
it does not ? Suppose, for instance, that the stipulated pump 
duty could only be fulfilled by a rotor having a shape number 
of 20 ? This number immediately suggests a very narrow 
radial-flow (centrifugal) imj^eller, which, even if it could be 
made at all, would certainly have a very low' efficiency for the 
reasons explauied in § 197, At the opposite extreme it might 
liappen that the only suitable rotor w'ould appear to have a 
shape number of 1500, wliich again is far outside the range that 
experience has shown to bo desirable. 

It does not take long to resolve the problem if we take a 
broader view of it. Thinldng in general terms of sources of 
pressure and sources of current, it becomes clear that we have 
only to group tliese units in seriesorin parallel in order to generate 
any desired pressure or flow. Thus a group of three electric 
secondary cells in series, Fig. 76 (i), will generate the same 
current as a single cell, but three times the pressure -diiference. 
A parallel arrangement, Fig. 76 (ii), yields the voltage of one 
cell but th(' current of three. In rotodynamic terms the unit 
will bo one rotor with its diffuser ; it may be represented 
pictorially by a rectangular solid or block, whose three dimen- 
sions roughly correspond to head, discharge, and speed. A 
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low-specific speed pump would be suggested by a tall, thin block, 
while a broad, squat block might indicate a high-specific speed 
pump. If a single block does not generate all the pressure we 
want, then we pile blocks one above tlie other. Fig. 76 (iii) ; if 
the basic unit fails to yield the stipulated flow, then doubtless a 
group of units set side by side will do so (iv). 

115. Multiple Pumps or Multiple Rotors ? By looking 

nVq 

at the specific speed formula ^ , it becoujes clear 

that rotors in scries vill be needed if the original piwisional 
value of the speeifie speed was too while the paralh^l 

arrangement will eorres])ond 
\ to too liigh a value. The 

M U| -> r^' ^ I nuvibtr of rotors, m, can be 

I 1 , found thus : - 

I I For the series arrange - 

(it) "I p I j ^ meut, we write 

H — I 1 ^ q 

H U where iV,, represents tlie 

^ lowest permissible speeifle 

I speed per rotor. 

tbe parallel arrange- 
ment, we write 


Fig. 76. - 8ilioinatj( ioj)i( sc'iiitaiion of 
units arranged in series and in 
parallel. 


where 


jn 

represents the 


parallel. highest permissible limit. 

After extracting the value of m, the nearest suitable whole 
number is accepted. 

The electrical analogy continues to be useful when we ap- 
proach the practical problem of conveniently arranging the 
groups of rotors. The three cells shown in Fig. 76 (i) may either 
be independent units linked by extf^rnal wiring, or we may 
put the three in a box with internal connections and call the 
assembly a battery. Similarly, Jiigh liquid pressures may be 
built up either by coupling together separate pumps by external 
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lengths of pipe, or by collecting into a single casing the in- 
dividual rotors. The self-contained type of assembly is termed 
a multi-stage pum'p to distinguish it from the single-stage pumps 
hitherto studied. There is no special name for a pump which 
has two rotors in parallel. 

It is only by studying the general circumstances of the whole 
installation that one can decide whether a group of individual 
pumps or a single multiple-rotor pump would be most suitable. 
When large quantities of water are to be discharged against a 
low head, probably two or more standard single-stage pumps 
arranged across a pair of inlet and outlet “ bus pipes ” will best 
meet the conditions. But for generating high pressures the 
multi-stage pump is the 
more usual expedient. In 
any event consistency re- 
quires that in this book 
pumps with multiple 
rotors shall alone be de- 
scribed in the present 
chapter, while disi)()si- 
tions of pumps in series 
or parallel are studied in 
Part 1), §§ 318-322. 

116. Pumps with 
Rotors in Parallel. As 
has just been implied, this arrangement is not often used for 
ordinary services. The reason lies here : that for a stated head, 
s])eed, and discharge, a screw pump or an axial-flow pump would 
probably be more com]jact and less exx)ensive than a twin-im- 
peller centrifugal pump. But this alternative may have to be 
nqected because the single-rotor high-sj)ecific speed pump has 
the wrong kind of characteristic, § 213, or would refuse to draw 
against the sti])ulated suction lift, § 253, or would fit in awk- 
wardly with the piping layout. Fig. 77 gives an impression of a 
twin-imi)eller puini). Water enters through a single large suction 
branch and then divides itself between the two rotors, each of 
which is of the double-entiy medium specific-speed type. Each 
of the volutes has its own outlet flange, and no doubt to these 
flanges an outlet T-piece or breeches-pipe would be bolted so 
as to marshal the water into a single stream again. Sometimes 
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the pump casing may have individual suction branches for the 
two impellers, with an inlet Y-piece. 

The most likely field for twin-impeller pumps is in graving- 
dock installations, circulating-water systems in steam power 
stations, and so on, where tlie discharge per pump is of the 
order of 10,000 to 20,000 g.p.m. or more. Pumps each with 
three impellers in parallel have been built in the past, but it is 
extremely unlikely nowadays that they would offer the best 
solution to any pumping problem. 

A special application of the twin-impeller principle ivS seen 
in some kinds of condensate-extraction pump. Fig. 97 (i). 

Multi-stage Pumps 

117. Problems of Design. When the rotors are arranged 
in series : when the liquid flows through each of the rotors in 
turn : then each rotor with its accompanying reciuperating 
element is termed a stage. Thus a six-stage pump has six 
rotors mounted on a common sliaft, and six recuperators. One 
of the main difficulties in design arises when planning the 
passages that lead the liquid from the outlet of one stage to 
the inlet of the next stage. H 5 ’^draulic and mechanical con- 
siderations are here directly at variance. In order to make the 
jDump stiff and compact, we should like to pitch the impellers 
as close together on the shaft as possible. But will that not 
entail serious hydraulic losses ? In a noj inal single-stage pump 
it is essential to treat the liquid wuth the utmost solicitude 
from the moment it leaves the rotor to tlio moment when it Ls 
safely down the delivery pipe. During the whole of this period 
we are trying to coax from the liquid more and mon^ pressure 
energy, in exchange for the excess velocity energy the rotor lias 
given it. If those carefully-disposed outlet passages or re- 
cuperators are now bent brusquely inwards in order to divert 
tlie liquid back again towards the impeller inlet, we can be 
sure that the licjuid will signify its displeasure in the usual 
mamier. It will throw away energy. In consequence we find 
that even the most skilfully-designed multi-stage pump almost 
invariably has a lower gross efficiency than a comparable 
single-stage pump having the same shape of rotor. But of 
course the multi-stage pump is much more efficient than a 
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single -impeller pump having the same discharge and shaft 
speed, and generating the same head. 

In other respects the multi-stage pump is a good deal more 
compliant than the single-stage machine. It is a great con- 
venience to the designer to be able to control not only the shape 
and size of the rotors, but their number as well. Then he has 
also a greater variety of ways of resisting or neutralising axial 
thrust, §§ 76, 77. In addition to the methods there described, 
there is scope for automatic hydraulic devices. 

118. Range of Types, (i) Rotors, Impellers of the low 
specific speed, side-inlet centrifugal type, § 69, are almost in- 
variably chosen. Double-inlet impellers are occasionally used 
but will not again be mentioned in this book. A combination 
of a double-inlet impeller with two side-inlet impellers is some- 
times preferred, e.g. in very large hydraulic-storage pumps, 

(ii) Casing, The comj)lete pump assembly may be of the 

(а) Split-casing type, or 

(б) Barrel type, or 

(r) Ring type. 

In the first of these the casing is divided in an axial plane, 
wiiile in the other typos the joints are transverse to the axis. 

(iii) Recuperator, The volute type, § 45, is more suitable 
for split-casing pumps, while the diffuser or guide-vane type, 
§ 44, is acceptable for ring or barrel pumps. 

(iv) Disposition of impellers. Opposed impellers (back-to- 
back) are generally found in split casings ; ring and barrel 
casings usually contain uni -directional impellers, all having the 
same aspect. 

(v) Horizontal or Vertical Shaft ? Tlie standard pumps de- 
scribed in this cliapter almost invariably have horizontal shafts, 
but the special multi-stage pumps designed for working down 
boreholes naturally have vertical shafts, § 130. 

119. Split-casing Two-stage Pumps. Opposed impellers 
working within horizontally -split volutes offer by far the most 
convenient and most popular arrangement of two-stage pump. 
Here in Fig. 78 w^e see tlie tw^o identical rotors each in its own 
volute, and we next have to make the dilBScult decision fore- 
shadowed in § 1 17, viz., how^ to conduct the liquid from the outlet 
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of the first stage to the inlet or eye of the second stage im- 
peller. Two general solutions are illustrated in Fig. 79. 

(i) An external and quite separate 
U-shaped transfer pipe couples the first 
stage delivery flange to the second 
stage inlet flange. The descending 
coned limb of the transfer pipe permits 
the final operation of energy recupera- 
^ tion to bo effectively carried out, and 
~y thus the second duty of the pipe, to 
direct the liquid back to the pump 
again, is only begun when the liquid 
has no more available velocity energy 
left (diagram (i)). We should thew- 
fore expect a relatively high e/fficiency 
from such a pump, an advantage 
which is naturally not a free gift : the 
78.— Arrangernon* of pump dearly calls for a special bed- 
opposed impellers in foundatioil-block. 

wo s ago pni ij). When the transfer passage takes 

the form of a port cast in the upper or lower lialf of tlie casing, 
then we arrive at a standard commercial product, Fig. 79 (ii). 



Fi(}. 



Fig. 79,— Typ'H of split-CHning two-stago pimijj. 

Otherwise the pump almost exactly resembles a normal split- 
casing single-stage machine, § 71. Such two-stage pumps are 
available in sizes up to say 5 to 6 in., for total heads up 
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to several hundred feet. (Used in this sense, the dimensions 
relate to the diameter of the pump branches.) 

120. Other Split-casing Pumps. The split-casing dis- 
position has two such important points in its favour that it is 
applied also to pumps with as many as eight stages. As is 
already evident, these points are : (i) very great reduction of 
axial hydraulic thrast, which in an ideal pump would amount 
to total elimination, (ii) simplicity of construction and ease of 
access in use. The wliole inside of the pump is laid open for 
inspection by just lifting off the top half of the casing. In the 
O-stage pump illustrated in Fig. 80, the inter-stage communica- 
tions are formed of a combination of the two systems described 
in § 1 1 9 above. There are internally-cast transfer ports between 



stages 1 1() 2, 2 to 3, 4 to 5, and 5 to 6, while an external transfer 
pipe loads the li(]uid from stage 3 to stage 4. But now we have 
to examine possibilities of leakage which, although present in 
o])posed-imi)(‘ller 2-stago pum^is, might there only have been 
relatively trifling. Referring to Fig. 7 8, the liquid will evidently 
try to leak along the shaft from the back of the second stage 
impeller to the back of the first stage impeller, and only by 
maintaining a sufficiently fine idearance between shaft and inter- 
stage diaphragm ])lato can the leakage be kept within reasonable 
limits (see § 83) (Example 16). Referring also to Fig. 79, we 
observe that the gland of the second stage of each pump must 
ne(*essarily be exposed to a considerable positive pressure. 

When these tendencies are magnified as they are in the 
6-stage pump. Fig. 80, it may even be worth while altering the 

141 



§ 120 


ROTODYNAMIC PUMPS 



142 


Flu. 81. — Improved t\pe of «5plit -casing multi-stage pump. 
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whole design to try to minimise them (*). The resulting con- 
struction is shown in Fig. 81. External transfer pipes are used 
for all inter-stage communication except between the last two 
stages, 5 and 6. Whereas in the original design there was a 
pressure-difference between stages 3 and 6 amounting to one- 
lialf of the total pressure on the pump, in the modified design 
the pressure-difference between adjacent stages is nowhere 
more than tliat due to a single stage. Similarly tlie right-hand 
gland and stuffing-box in Fig. 80 must sustain in equivalent 
conditions three times the pressure that it does in Fig. 81 ; 
and problems of maintenance may thus ensue such as men- 
tioned in § 141. A final point to be noticed in Fig. 81 is the 
opposed disposition of the volutes in a radial direction. In no 
volute pump is it possible to guarantee that the impeller will 
not luive to sustain a trails^ erse thrust, §§ 73, 207, and it is all the 
more important to be on the watch when the thrust may fall 
upon a long shaft su]>ported bj^ tw'o widelj^-spaced bearings, as 
in multi-stage pumps. The disposition in Fig. 81 is such that 
for each pair of adjacent imptdlers, tlie radial thrusts are likely 
to neutralise one another. 

If it be suggested that the design looks bulky and com- 
plicated, we have to remember that energy inputs exceeding 
100 or 200 h.p. are now in question, and that even ^ per cent, 
improvement in efficiency might justify a very sensible increase 
in constructional cost. 

121. Barrel Pumps : Ring Pumps. As its name implies, 
the casing of the barrel pump has no longitudinal joint, but is 
virtually a cylinder with flanged ends to which the bearing 
housings are spigoted, Fig. 82. The impellers all point towards 
the suction end of the pum]), and the intercommunication 
I>assages are all formed within disc-shaped castings which fit 
snugly inside the barrel. Liquid from any one im])eller first 
flows through the diffuser or recuperator part of the passages, 
§ 44 ; then after having had its direction reversed, the liquid 
returns inwards towards the eye of the next impeller. As the 
liquid is drawn off uniformly all round the rotor periphery, 
there is little likelihood of transverse thrusts developing such 
as we find in volute pumi)s ; in regard to the hydraulic axial 
thrusts of the various impellers, these are now cumulative and 
are wholly absorbed by a special automatic device, § 123. 
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The ring type of pump differs from the barrel type only in- 
asmuch as the cylindrical casing containing the diffuser discs 
is now discarded, the elements being clamped together only by 
external tie-bolts, Fig. 83. From a standard design of disc 
and standardised inlet and outlet castings, therefore, pumps 
suitable for a wide range of pressures may be built up by 
varying the number of discs or stages. 

The purpose of the vcnt-cocks seen in Figs. 82, 83, is to release 
entrained air wh(‘n starting the pump, §§ 291, 354. 

122. Diffusers and Return Passages. Here we come 
to the detailed study of what was described in § 117 as one 
of tlie cardinal difficulties in multi-stage pump design (^). The 
me(*hanieal problem has been neatly solved ; as Figs. 82 and 83 
make clear, the multiple impellers are very compactly and 
eon\ eniently housed. Is the solution of t)\e hydraulic part of 
the problem equally satisfactory ? Functionally the complete 
diffuser disc has three (dements : (i) the diaphragm plate which 
separates adjacent iiiTjxdlers, (ii) a set of diverging passages for 
the outward-flowing liquid, and (lii) a set of passages for the 
inward-flowing liquid. Ck)nstructionally we may form these 
elements in a single coasting, or the diffuser disc may be of 
composite nature. 

The single casting suggested in Fig. 82 is manifestly fit for 
small pumps only. As the thin and sharply-pointed guide 
blades must be made of bronze or similar metal, then that 
expensive metal must be used for the whole casting. The 
radial ])lad(^s of the return passages also have rather a doubtful 
look. If the outlet diffuser blades have not succeeded in re- 
moving the whole of the whirl component from the liquid, there 
is a likelihood of eddy losses when the liquid impinges on the 
inlet ('dges of the return blades. 

One form of composite construction is shown in Fig. 84. 
The diffuser itself is of such sim])le form that it may be machined 
or at least polished all over. Tl)e blades are so relatively thin 
that th(‘ whole circumferential space between them is hardly 
different from a whirlpool chamber, § 43 (ii). As for the main 
cast-iron disc into which the bronze diffuser ring is recessed, 
this also carries neck-bushes for the impeller eye and for the 
impeller boss ; and the webs forming the return passages are 
now suitably curved instead of being radial. In i)assing from 
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the diffuser guides to the return passages, the liquid traverses 
a circumferential chamber which is free of all obstruction, and 


VtEW //V 
D/rect/on 
X 



Fiq 84 f)(*tails ot (liltus(M jiiifj and ]>as^ag('h 


which thus gi\os the liquid the most favoural)le conditions for 
reversing its radial direction as well as for converting into i)res“ 
sure energy some of its residual velocity energy. 



and n turn passagos 

finish more difficult to attain. 


An alternative theory 
gov€‘rns the design of the 
composite diffuser disc 
sketched in Fig. 85 . From 
the moment the liquid leaves 
one impeller almost to the 
moment at which it readies 
the ne\t , it is closely guided 
by the wulls of a series of 
continuous passages ; it is 
given no such opportunities 
of choosing its ])ath as it 
had in Fig. 84 . Another 
difference wliich is purely 
constructional is that in the 
diffuser casting the passages 
are now enclosed on both 
sides, thus making a smooth 
t in both cases, recuperation 


146 



PUMPS WITH MULTIPLE ROTORS §123 

is improved by '' flaring ” the cross-section, instead of keeping 
uniform axial width as in Figs. 26, 27. 

Comparison between Figs. 85 and 84 indicates that in the 
former the mean absolute velocity of the liquid will be higher 
than in the latter; but this may be balanced by the reduced 
risk of eddy losses. The two examples of disc here illustrated 
represent only a selection from quite a wide variety. They are 
equally suitable for banel or for ring pumps. 

123. Axial Thrust. The back-to-back arrangement of 
pairs of impellers or groups of impellers, §§ 119, 120, must not 
be relied upon to neutralise axial tlirust completely. There 
is always a chance that inequalities of construction, variations 
of shaft diameter (collars, 
shoulders, etc.), and Ihe 
like, § 74, may impose an 
unbalanced load on the 
shaft of several hundred 
pounds. Since, moreover, 
the thrust may come from 
either direction, the bear- 
ing that resists it must be 
designed accordingly. 

Tiiere is no such un- 
certainty wluui uni-direc- 
tional impellers are used. 

Figs. 82, 83 ; the cumulative thrust will be steady and it 
will be consideiable. If a ball thrust beaiiiig can be found 
that will stand up to the combination of high speed and 
heavy load, then nothing better could be desired. But a 
hydraulic balancing de\ice is usually preferred, because it is 
wholly automatic and requires no attention. Its principle of 
operation is illustrated in Fig. 86. Between the last-stage 
impeller and the stuffing-box at the delivery end of the pump 
there is formed a chamber which houses a balance -disc ke 5 "ed 
on to the shaft ; it works against a stationary facing of suitable 
metal fixed to the casing. Liquid can escape from the chamber 
either freely to the atmosphere, Fig. 82, or it may be taken back 
to the suction side of the pump. In consequence there is a 
pressure-difference, between tlie li(|uid behind the last impeller 
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and the liquid witliin the chamber, amounting roughly to the 
total head on the pump. 

124. Theory of the Balance-disc. Tlie diagrams in 
Fig. 87 show how the entire rotating assembly — shaft, im- 
pellers, and balance-disc — cian adjust itself automatically to 
suit the gross thrust Pg on the impellers. Let us suppose first 
that the disc is hard up against its facing, so that no liquid can 
escape past its rim. That will mean that the pressure acting 
on the inner surface of the disc is ecjuivalent to the delivery 
pressure-head II md in the pump. Now the diameter of the disc 
is calculated so that this pressure wdll create a total resultant 
thrust acting away from the pump wliose magnitude is greater 
^^SmaJ! ^ Large than tlie inn)eller thrust Pg 

i Clearance [Clearance acting in th(^ opposite direc- 

^ iion. In consequence the 

^ i . ^ ^ forced slightly 

^ | away from its sealing, as in 

jZ ~~t ^ / Fig. 87 (i). J.<i(juid immedi- 

^ ately begins to leak through 

'Ji ^ the small running clearance 

^ I l)etween casing and im- 

• ^ \ peller-boss, and then 

. \ g /*''\\ -i through the clearance 

^ '\ r I between the disc and the 

■ - - 1 V i L. 1 Y 1 - V casing, Fig. 86. As ex- 

Via. 87 l’i(-sui( ( hengos in h\(liaiiii< plained in §§ 82, 83, tlie re- 
Ij.il.uK mg s\st(‘m. !,• 1 * n 

suiting dro]) ot })ressure 
head hic will depend upon the rate of leakage ; if the disc 
moves still further to the right, as in Fig. 87 (ii), leakage will 
increase, the pressure drop will increase to h'u, and in turn the 
pressure-head acting on the disc will diminieth to h'la- Since the 
total thrust on the disc is proportional to whia, it is eavsy to see 
that in practice the rotating assembly will float or adjust its 
longitudinal position until the rate of leakage creates just such 
a pressure drop as will correspond with a thrust on the disc 
exactly equal to the thrust Pg on the impellers. The liquid 
itself serves as a lubricant between balance-disc and casing : 
there can be no metallic contact here. 

The hydraulic balancing system has the further advantage 
of relieving the delivery stuffing-box of the high pressure to 
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which it would otherwise be subjected, Fig. 86 ; but on the 
other hand the leakage of liquid represents a quite appreciable 
waste of power, § 192. (Example 17) 

125. Design Data for Multi-stage Pumps. Only those 
points are mentioned here in which the multi-stage pump 
differs from the single-stage centrifugal pumps described in 
§§ 90 to 95. 

Number of Stages. The number of stages, m, as computed 
by the method explained in § 115 should preferably not exceed 
8 or 10. The greater the number the longer the shaft must be 
and the bigger its diameter, resulting in increased inter -stage 
leakage and impaired efficiency. Constructional and opera- 
tional difficulties also mount up. Instead of using an excessive 
number of stages in one pump, it may be preferable to use two 
separate pumps in series, § 320 (6). The maximum permissible 
head per stage may provisionally be taken as 500 ft. 

Shape Number. It is important that in all specific speed and 
similar formulae, the head per stage should now be inserted and 
not the total head on the pump. Thus if the total effective 
head is i/,., then the shape number per impeller will have the 
value 


1000(i\760)\/Q 


§ (r>9) 


This value usually ranges between about 50 and 80. 

Gross Efficiency. Comparing a single-stage pump with a 
multi-stage pump using identi(5al impellers, the multi-stage 
pump will always have a lower gross efficiency, under com- 
parable conditions, for the following reasons : (i) there is an 
inevitable energy loss in the transfer ports or passages, § 117, 
(ii) there may be a loss of energy to be debited to the balance 
disc, § 124-, (iii) there will inevitably bo inter-stage leakage, 
§ 120. Here is a rough method of allowing for such losses : 
Prom the selected shape number per stage, and from the known 
water horse-power per stage, we estimate from Fig. 53 what the 
gross efficiency for an equivalent single-stage pump would be. 
If we then deduct from this value about 3 to 5 per cent., the 
result should serve reasonably well as a preliminary estimate. 
In brief, 


7]m (multi-stage) = (single-stage) — (0*03 to 0*05). 
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Rotor Proportions. Fig. 54 will give the desired information, 
but it might be well to take a rather higher value for the 

di 

diameter ratio — to allow for the relatively greater diameter of 

CTg 

the multi-stage shaft. Tliis implies that the chocking of the 
area of the impeller eye, § 94, is particularly necessary now. 

Overall Proportions. Tn order to form a general im])ression 
of the size of the complete pump, one may use the following 
ratios : — 


If is the outside diameter of the diffuser rings, Fig. 88, 
dg is the impeller diameter, 

Ij, is the axial pitch of the impellers, 
then ^3/^2 varies from about 1*5 to 1*7, 
and Ipjdz varies from about 0-3 to 0-4. 

Diffuser Blade Avgle. 
Altbougli ideally the inlet tip 
of the diffuser blades, § 122, 
should bo parallel with the 
true absolute velocity vector 
Uo vliich represents the liquid 
leaving tJio im])eller, yet it is 
found preferable^ lo make the 
blade angle slightly greater 
Fig. S 8 . Di.t^rain illustrating pr(,])oi- than is thus indicated. The 
tioiis of mult 1 stag<' 1)11111]) *11 i x* .ii • i • 

^ ' ideal value oi this angle o is 



tan“^ 



the actual angle should be about 1*1 tan“ 



Bearings. Two external sleeve bearings, § 7S, are obliga- 
tory for any pump fitted with a balance-disc, e g , Figs. 82, s:i 
and 86. Ixicating -collars or the like must not hamper the axial 
play of the rotating element. 

For opposed-impeller pumps, either sleeve journal bearings. 
Fig. 79 (i), or ball or roller bearings, Fig. 79 (ii), 80 and 81, aie 
suitable. The bearings must be able to takt‘ up whatever 
residual end thiust may de\elop. (Example 15) 

126. Construction and Assembly. Because of the widely- 
spaced bearings, and the numerous masses disposed along the 
shaft of a multi-stage pump, the balancing of the impellers must 
be done with special care, § 96. Not only must the individual 
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impellers be accurately balanced, but the balance of the entire 
rotating parts when finally assembled must also be checked. 

On examining afresh such drawings as Figs. 80 to 83, it be- 
comes clear why tlie split-casing type of construction is preferred 
in the workshop. There do not seem to be special difficulties in 
fitting the rotating element into place and finally closing the 
casing. At the otlier extreme is the barrel type of pump, which 
looks as though very experienced hands will be needed to put 
it together. The impellers and the diffuser discs must be 
threaded alternately on the shaft, and the discs in turn fitted 
into the barrel. If the casing is bored truly cylindrical, some 
of the discs will have to be forced a long way through the barrel 
before they come to tlieir destined position. It may be still 
more troublesome to get them out again when the time comes 
to dismantle llie pump for overhaul or repair. If, however, the 
successive discs arc of slightly different diameters, and the 
barrel is bored to suit, each disc will pass easily along the 
barrel until it comes to its own seating. 

A similar problem arises when mounting the impellers on 
the shaft, and a similar solution is available. In regard to the 
keys that secure tlio impellers, sometimes a single long key is 
provided, and sometimes each impeller has its own key. 

127. Other Types of Multi-stage Pumps. It is not only 
centrifugal types of impeller that can be arranged in series to 
form multi-stage pum])s ; mixed flow and axial-flow lotors may 
be similarly disposed. The leeuperators chosen for multi- 
stage borehole § 132, sometimes resemble tliose found 

in normal single-stage haif-axieil pumps, § 102. As many 
as six small axiaJ-Jloiv rotors may be mouiitcHl on the same shaft, 
or two large rotors. If the conditions are such that variable- 
])itch propellers are desirable, § 104, and if a single rotor will not 
develop the desired head, then the complete pump may have 
two such rotors mounted in series on one shaft. 
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128. What are Special Duties ? Previous chapters liave 
described the construction of pumps instaUed at ground level 
and intended generally for handling clean cold water ot* similar 
liquids. This j)resent chapter will go on to suggest some of 
the modifications in design that may be required if those stand- 
ard pumps are no longer suitable. It is reasonable to expect, 
for instance, that a normal pump might not be haj)py if it were 
set to work at the bottom of a shaft 2000 ft. below ground level ; 
or again, the pump might protest if asked to handler boiling 
water, hot oil, concentrated acids, crude stowage, sandy or gritty 
water, or tlie like. Special-pur])osc^ pumps, then, might be 
grouped into four general (jategories, thus : — 

(i) Underground pumps, 

(ii) Pumps for hot liquids, etc., 

(hi) Pumps for impure or corrosive lic^uids, etc., 

(iv) Miscellaneous pumps, e.g. self-priming pumps, liy- 
draulic -storage pumps, etc., etc. 

It may be found that sometimes quite trivial alt^Tations to 
a standard design will suffice, while to meet more severe con- 
ditions a completely new style of pump wiU be needed. 

152 



PUMPS FOR SPECIAL DUTIES § 129 
Underground Pumps 

129. Well-pumps : Mining Pumps, etc. A rotodynamic 
pump established at ground level can only lift water from a 
well if the total suction head is kept within sharply -defined limits, 
§ 253. This means in effect that the water level cannot be more 
than about 15 or 20 ft. below ground level. For all greater 
depths, the pump must be taken below ground so as to be 
within reach of the water. This is not difficult to do if small 
quantities of water are to be drawn from a dug well ; a standard 
horizontal pump can be lowered down the well on to a platform 
just clear of tlie water surface, the installation being in every 
way normal. Trouble is only likely to arise if the water level 
fluctuates excessi\ely, eitlier due to seasonal variations or be- 
cause pumping itself draws down the level. Then it may haj>pen 
that if tlie pump is sot low enough to reach the water under the 
worst conditions, it may be* drowned when pumping ceases and 
the water level rises again (see also Fig. 207, § 312). 

Mining Pum'ps liave the duty of forcing to ground level tlie 
water that jiercolates into mine workings and that would other- 
wise flood them. If there is no existing galleiy close to the 
drainage sump wliich could accommodate the pumping set, then 
a special one can be driven. An electric multi-stage horizontal 
pump will usually be suitable, §§ 117 to 121, with working parts 
of special metal to resist tlie action of tlie slightly corrosive 
water ; e.g. the impellers may be of acid-resisting bronze, 
monel metal, etc., and the shaft may be mad(' of or protected 
by similar material. If two multi-stage ])umps arc* set in series, 
the high-pressure conditions imposed on the gland of the 
second ])ump may ha\e to be resisted by the methods described 
in § 141. To protect the balance-discs from damage by sand 
or mud in the pumped water, they may lequire an independent 
supply of filtered w'atei 

Sinking Pmnps are used for sinking a mine shaft or a well 
through water-bearing strata, or for unw^atering old w^orkings, 
foundations, and the like (*). It is thus essential that the pump 
should be able to follow the water downwards as the w ork pro- 
ceeds : it can finally be withdrawn when the permanent pumps 
are installed, or sometimes the sinking pumj) itself is left in 
place to continue pumping. As a rule the complete outfit 
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consists of a vertical-spindle electrically-driven pumping unit, 
mounted in a frame built of rolled sections. The wliole is 
slung from a derrick or head-work above the shaft. Flexible 
leads take supply-current down to the motor; and as the set 
is progressively lowered, successive lengths of pi])ing are added 
to the rising main which delivers the water to ground level. 
Almost always a multi-stage pump will be needed, and the 
internal parts will have to deal with water that may be gritty 
as well as possibly slightly corrosive. But basi(*ally a standard 
design of pump will serve : it is rather the motor tliat will 
require special protection to fit it for \ery rough outdoor 
conditions. 

130. Borehole Pumps. When water has to be raised from 
boreholes instead of from open wells, tliere can no longer bo 
any question of adapting standard pumps : th(‘ designer is now 
faced with a completely new set ot piohkuns (^) It w(‘ include 
also the tasks of tlie civil engineer-, tliere an^ three probhmis: 

(i) how to get the water from the subsoil into the borehole, 

(ii) how to make a pump small enough to pass down tlie bore- 
hole, (hi) how to transmit energy down to the ])ump wlieii it is 
finally installed below ground. All these questions ultimat(‘ly 
depend upon the general relationshij) between the diamiUr of 
the borehole and the yidd from it. In ideal conditions, when 
the borehole is drilled through uniform permeable rock, a 
mathematical coimection can be established between diameter 
and yield : the yield increases more slowly than tlie diameter, 
i.e., doubling the diameter does not double tlie 3 ^i(‘ld. Ad- 
mittedly this interconnection has little relation to actual fact, 
which must take into account the headings, gallerit‘S and adits 
that may be driven to sujqilement the yi(*ld by tajqiing copiously- 
flowing fissures and so on ; yet nevertheless the results from 
actual installations show that in comparable conditions the 
total yield from a borehole is unlikely to increase as fast as the 
square of the diameter. 

Now" consider tlie correlation between diamet(T and dis- 
charge of rotodynamic juimps of a given sIiqjh' mmber running 
at a given shaft speed. From § 50, w"e find that tlie output 
varies as the rube of the diameter. The flow into the borehole, 
then, may vary at most as the square of the diameter ; the 
flow out of the borehole can be assumed to vary as the cube of 
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the diameter. It clearly follows that the pump designer’s 
troubles are only likely to be acute with small bores, say of 
12-in. diameter or less ; hero the water may flow into the hole 
quicker than ho can get it out. But when the estimated de- 
mand for water implies a borehole of 30-in. diameter or more, 
there should no longer })0 any need to skimp the pump external 
diameter ; if this is proportioned according to ordinary rules, 
there will be little fear tliat the pump will be too big to enter 
the well. 

131. Methods of Drive. * There are two possibilities here : 
(i) the driving agent or apparatus may be set above ground, 
transjnittiug eiv^rgy down to the j)uinp by means of a rotating 
shaft ; or (ii) the driving apparatus may itself go down the 
borehole to join the pump, the two forming a close-coupled unit 
resembling a sort of sinking -pump, § 129. Indeed such units 
sometimes arc used as sinking-pumps. One of these possibilities 
is at once ruled out if an oil-engine or steam-turbine is the source 
of energy — llie engine must stay on top. The choice then re- 
mains between above-ground or below^-ground electric motors. 
And it must be remembered that below-ground may often mean 
below water, for iho n^asons given in § 129, which now may be 
far inor<‘ pohMil. Tlu* total annual range in water level in the 
borehole may amount to 100 ft. or more, and therefore in the 
case of the i*lose-cou])led underground electric motor there is 
the ])robabili1y that the Jiiotor as well as the pump will be 
drowned. 

Whicli, then, is the better : a motor al)o^e ground, com- 
fortably lioused and able to receive every attention and con- 
sideration that is due to it ; or a motor deep below ground, out 
of siglit, out of reach, and continuously working under just 
those acjueous conditions that revolt every instinct of the 
mechanical engijieer ? As already suggested, the size of the 
bor(‘ is again the controlling factor, but tendencies are directly 
oiq)osite to tliose that affected the ])ump itself. It is the largo 
boreholes that ma\ worry the motor designer. It is when the 
power output reaches several hundred horse-power — just when 
the pump designer begins to breathe freely— that the motor 
designer feels cramped. Probably even if he could produce 
a motor that would fit inside the borehole, it would overheat 
in service. On the other hand, when the energy required by a 
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small-bore pump is hardly more than a few horse-power, it 
could bo delivered without undue difficulty by a motor of the 
requisite small diameter. 

So one may say in very general terms that if the pump ab- 
sorbs more than about 100 h.p., it should be driven by shafting 
from an electric motor installed at ground level, wliile a pump 

J of less than 50 h.p. may prefer- 
ably be driven by a direct- 
coupled motor statimied down 
the well. The two comple- 
inentary — and sometimes com- 
~ ^ peting — types are Icnown re- 

spectively as : — 

(i) Shaft-driven borehole 

U'i y<5As/’^ pumps, and 

I [ r 'I (ii) Submersibh* borehole 

I ' pumps. 

\.i,i Mci,n' 132. Shaft-driven 

I I [ y Pumps. Details of a typical 

^ SB^rmx I installation are given in Figs. 

I ""I "IM 89 and 90. The suction pipe 

delivery pipe are eo -axial 
j m [ , with the pump, and the entire 

Pump\ H I assembly is hung from a water 

i J collecting-box or discharge 

BEAmNos,ETc piece at the top of the well. 

I i ; The driving-motor seats itself 

: I I on the upper face of the 

E f Foot collecting-box casting ; the 

^ andStramer driving-shaft which transmits 

^ energy to the pump is carried 

JOC. S9 Shdfi (iriviwi hmhoiD Centrally down the rising- 
i)uiii])m^' ])iant. main or delivery pipe. In 

accordance witli the custom 
ado])ted in this book, tlie pump and shafting only will here be 
studied, the upper works being considered as part of tlie com- 
plete installation, § 3111. 

Pump, The number of stages may vary from two to twenty 
or more ; only for shallow bores will one stage suffice. If low 
specific speed centrifugal impellers will serve, then the stages 
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may be of the ring type, identical with those shown in Fig. 83, 
§ 121 ; for higher specific speeds the mixed-flow type is pre- 
ferable, as in Fig. 90 (i). The rotors and diffvser rings will 
almost certainly be of bronze. The main hearings will be lined 
either with special self-lubricating bronze, or with lignum 
vitse strips. Axial thrust is taken not by a balance-disc as in 
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]a(^. 90. --Details of shafl-tJnvt'ii borehole jmmp. 

standard horizontal pumps, § 123, but is carried by a thrust- 
bearing at the top of the borehole. In the pump itself, then, 
no special provision is necessary. 

Rising Main, The vertical delivery pipe has three duties : 

(i) to conduct water from the pump to the upper collecting box, 

(ii) to sustain the weight of the pump and the suction pipe, 

(iii) to support the intermediate guide-bearings for the co-axial 
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driving-shaft. Now to permit the rapid assembling of these 
various components it is essential that the individual lengths of 
the pipe should match the lengths of the shaft, and it is thus 
the requirements of the shafting that fix the length of each 
section of the pipe, viz., about 6 to 10 ft. For pipe diameters 
over about 6 in., fianged joints are suitable ; for smaller bores, 
socketted joints are better. There are hydraulic as well as 
constructional reasons for this. The difficulty of getting the 
water out o/ small bores, § 130, extends to the pipe as well, and 
that is why we are glad to discard ])rojecting flanges for small 
pipes and tliTis use a waterway nearly as big as the bore itself. 

133. The Driving-shaft and Bearings. The spacing of 
the guide-bearings, which in turn controls the lengtlis of the 
shaft sections and of the pipe sections, is determined by the 
resistance of the shaft against whirling. Tliis again depends 
upon the speed and diameter of the shaft. On the whole it is 
desirable to run the shaft normally at a speed below its lower 
critical speed. 

The couplings for the shaft sections are usually of coned 
sleeve form, of which a typical exam])h' is shown in Fig. 90 (ii). 
The tapered and keyed end of the shaft is ])u]led home into tlie 
sleeve by an inner screwed bush which bears against a split 
collar inserted in a groove in the sliaft. Lock-nuts make 
everything secure. Pumps which have screwed rising-mains 
may have screwed couplings also. Fig. 90 (iii), provided tliere 
is no possibility of the shaft accidentally running backwards 
way. 

The housings of the guide -bearings take the form of cast- 
iron spiders clamped between the main fianges of the pipe 
sections. The bearing shells may be lined with lignum vita? 
strips, with s(df-lubricating special bronz(% or with hard rubber. 
If it is foreseen that much sand will l}e draw^n into the jnimp, 
then the entire driving-shaft with its bearings may be enclosed 
in an inner tube, Fig. 90 (ii), (iii), wiiich receives at its upper 
end a steady supply of filtered water. Tlie inlet prc'ssure is 
always such as to ensure that leakage will b(‘ outwards into tlie 
raw water in the rising main, rather than in the reverse direc- 
tion. Grooves in the bearing-sleeves or openings in the hous- 
ings allow the clear water to pass from bearing to bearing. 
Occasionally oil instead of filtered water may be fed to the 
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guide-bearings, either by filling the tube with oil or by a 
drip-feed arrangement. Naturally this expedient would hardly 
bo wise if the pump handled drinking-water. 

134. Submersible Pumps. In a submersible unit the cost 
of the electric motor may amount to more than 80 per cent, of 
the cost of the complete assembly ; and certainly the motor 
has absorbed at least that proportion of the total quantity of 
ingenuity expended on the probk‘m (^). It has been spent, 
nioreoN er, to sucli good effect that the engineer’s very natural 
apprehensions, § IJll, ha\e been completely soothed, enabling 
him at last to sliare the electrical engineer’s full confidence in his 
under -water motor. Details of the motor itself lie outside the 
scope of such a book as this one ; yet it would show an unfeeling 
lack of professional interest not to encpiire how the electrical 
designer liad sol\ed his very difficult problem. First of all he 
had to define it : lie had to exclude all D.C. motors, all com- 
mutator motors, and to concentrate w'holly upon the simplest 
typo of A.C. induction motor. The fundamental problem — 
how to keep the water aw'ay from the motor windings — had to 
be separated into a major j)art and a minor part. The major 
part concerned the stator, 'riieso windings will undoubtedly 
b(‘ subjected to full supply-mains voltage, and the question of 
insulation may ixMjuire quite special study. The minor problem 
of the rotor conductors wiiich only carry an induced current 
might admit ot a sim]iler solution. Superadded to this strictly 
electrical enquiry wviv those other more or less mechanical 
questions familiar also to tiie pump designer — how' to counter- 
act the restrictions of the boreliole diameter, and how to protect 
the working j)arts from abrasion by sandy water. There re- 
mained the matter of heat dLissi})ation . 

One successful solution has been to exclude water entirely 
from the motor by enclosing it in a w^ater-tight diving-bell. 
Although the motor is te(*hnically submerged, the water cannot 
get at it. Thus the insulation need be no different from what 
usually suffices for \ery damp localities. Next we come to 
motors that do actually work in wxiter. The stator coils may 
now be completely encased in an inner and outer metallic shell, 
making the whole thoroughly waterproof ; but this construc- 
tion has the disadvantage that the eddy-currents induced in 
the inner shell may seriously lower the motor efficiency. Using 
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very thin metal — say stain- 
less steel only 0*1 to 0*3 
mm. thick — may help, but 
it is still better to substitute 
a shell of laminated con- 
struction, built up of in- 
sulated stampings similarly 
to the rotor itself. Some 
motor makers eliminate the 
inner tube altogether, rely- 
ing wholly on rubber or 
similar insulation. 

To protect the rotor and 
its bearings from abrasive 
water, they may be en- 
closed in a chamber in 
whi(*h a lubricating fluid 
(water-oil) continuously 
circulates ; or a filter incor- 
porated in the casing may 
admit a slow stream of well 
water. By these means 
effective cooling of the 
motor is also ensured. 

For general purposes, 
then, submersible pump- 
ing sets may be divided 
into (i) dry-motor s(‘ts, and 
(ii) wet-motor sets. 

135. Dry-motor Sub- 
mersible Pump. As the 
diagrams show, Fig.91, a 
typical dry-motor pumping 
set has the appearance of a 
long narrow tube of uniform 
diameter, so proportioned 
as just to vslide down the 
borehole. The multi-stage 
pump forms the lower part 
of the assembly, then there 
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is a capacious air chamber and finally, at the top, the A.C. in- 
duction motor. Water enters the pump normally through a 
ertical suction pipe, and after leaving the pump the water trav- 
erses th(' narrow annular space between the outer shell and the 
air chamber or diving-bell. It then flows to the ground surface 
through a rising-main just as in a shaft-driven set, and this 
vertical pipe similarly supports the weight of the set. When 
the borehole water level is at its lowest, atmospheric air has 
free entry to the air chamber through the duct shown in Fig. 
91 (i) ; and as the motor occupies the upper part of the air 
chamber, the motor behaves exactly as if it were at ground level. 
Although the underground motor is certainly deprived of actual 
air circulation or ventilation, it has the compensating advantage 
of excellent water-cooling furnished by the extf^rnal water jacket 
which virtually forms })art of the delivery pipe (^). 

Suppose now that the borehole water level gradually rises, 
due to changes in the adjacent subsoil conditions. Eventually 
the water will overtop the air duct and will begin to enter the 
air chamber of the pumping set, Fig. 91 (ii). Further rising of 
the water will progressively compress the air in the chamber, 
as shown by stippling in the diagram ; but no matter how high 
the water mounts outside the i)ump, we can always prevent the 
water inside from reaching the motor. It is merely a question 
of making the air chamber capacious enough. After all, the 
air space in the part of the chamber occupied by the motor 
itself is relatively small ; so that if we know the limiting 
pressure-head difference Fig. 91 (ii), we can quickly work 
out the corresponding air pressure, the air (compressed) volume, 
and in turn the free air volume. 

if it were not for the possibility of air leakage and the cer- 
tainty that the water would gradually dissolve the air in the 
air chamber, the motor would be indefinitely protected. But in 
fact there must be some provision for periodically renewing the 
air. Usually a small compressor at the top of the borehole 
sends down air through a small pipe, a pressure-operated switch- 
ing device starting the set when required. An alternative 
system is to fit a water-ring air-compressor, § 153 (5), in the 
pumping unit itself, which draws its air through the pipe 
passing down the bore. 

136. Wet-motor Submersible Pump. “ Wet ’’ motors are 
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always hung below the pump, Fig. 92, and in consequence the 
direct conm^ction between the pump and the delivery pipe can 
resemble what is customary for shaft-driven pumps. Fig. 90 (i). 
A material advantage as compared with the dry-motor type is 
that no stuffing-box or the like is required at the upper end of 
the pump shaft ; this sensibly reduces design and maintenance 
problems. Because water now enters the pump tli rough a 
circumferential strainer fixed between the pump and the 
motor, there is no need for a suction pipe and the outfit must 
therefore be set at least several feet below the lowest borehole 
water level (*). 

Greneral comparative comments relating to both types of 
submersible pumps are : — 

(i) Bearings, If grease-packed ball or roller bearings are 
preferred for the motor sliaft, this means that the pumj)ing-set 
must periodically be withdrawn from tlie well (say after a run 
of several tliousand hours) for replenishment of tlie lubricant. 

(ii) Axial Thrvst. As the })ump shaft and motor sliaft are 
now rigidly coujiled together, it may be impracti(‘able to use 
either of ihe two chief methods of resisting hydraulic llirust on 
the pump rotors, i.e., a balancing disc, § 123, or a main ujiper 
thrust bearing, § 132. Thus if the motor has ball or roller 
bearings, these must be proportioned so as to sustain not 
only the weight of the revolving (‘lernent but the hydraulic 
thrust as well. It is true that the hydraulic thrust can be re- 
duced by the use of balancing holes in the rotor discs, § 77, and 
these an' in fact visible in Fig. 91. 

On the other hand, if the motor shaft runs in sleeve bearings 
it Avill be free to move axially and therefore the pump may have 
a normal type of balancing disc, as in Fig. 92. The leakage 
water from the balancing chamber passes through a port back 
into the well. In the type of motor whose rotor works in a 
special lubricating liquid, § 134, the auxiliary impelkirs that 
circulate this liquid may force it past a balancing disc located 
beneath the motor. Again, motors using filtered water may 
embody a w^ater -lubricated Michell type of thrust bearing. 

(iii) Electrical Connectioiis, Manifestly the question of seal- 
ing into the connection-box the insulated cable that brings 
power down to the pumping set will require quite particular 
care. 
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(iv) Dry v. Wet Motor ? It will now be apparent that for 
given conditions the wet motor may have a bigger ofiFective 
diameter than the dry motor. But in the 
dry motor there are neither the hydraulic 
frictional losses due to the rotation of the 
rotor in water or similar liquid, nor the 
electric eddy-current losses due to the stal or 
protective sleeve, § 134, if this is used. 

137. Design Data for Borehole 
Pumps. In scuttling the main outlines of 
the pump, relevant matters are : -- 

Speed. Submersible motors are nearly 
always bipolar, and thus if tlie set is 
supplied from a 50-cycle circuit the pump 
will run at 2900-2950 r.p.m. Only if the 
power exceeds about 50 kW. is it likely 
that there will be room for a 4-pole 1450 
r.p.m. motor. A very common speed for 
shaft'driven pumps is about 1000 r.p.m. ; 
the upper and lower limits for these pumps 
are of the order of 1450 r.p.m. and 750 
r.p.m. 

Discharge. If, having been given the 
shaft speed, we now want to find out what 
size and type of ])ump rotor will extract a 
specified amount of water from a borehole 
of given diameter, then a suitable jiro- 
cedure is : — 

For each shape number, or specific 
speed, there is a fairly rigid connection 
between rotor diameter and pump casing 
diameter, § 125. Similarly we may allow 
a fixed ratio betw^'cen casing outside dia- 
meter and borehole internal diameter, 
which results in a useful link between 
rotor diameter and borehole diameter. 

Now the rotor diameter is itself related 
to speed and discharge by the empirical rules offered in §§ 92, 
106, which finally give this expression : — 
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where Q is the yield from the selected type of rotor, is a 
constant depending upon rotor specific speed, is the shaft 
speed in revolutions per minute, and is the borehole 
diameter. 

If Q is expressed in cubic feet per second (litres /sec.), 

Df^h f^€)t (decimetres), 

then the relation between shape number and factor can be 
roughly estimated, on a conservative basis, as follows : — 


Shape number of rotor 

60 

100 

150 

Value of Kbh .... 

0*00017 

o*ooo:u) 

0*00075 


The subjoined table gives an impression of how the roti>r shape 
number and the borehole diameter affect the piobable yield in 
gallons per minute, for a shaft spied of 9G0 r.p.m. 


Shape 

Number. 

Diameter of Borehole (inches). 

10 in. 20 in. 30 m. 40 m. 

.speed 000 r p.m. 

60 

55 

280 

960 

2,300 


100 

60 

500 

1,700 

4,000 

Dischar^»< in /gallons yn'r 

150 

155 

1,250 

4,200 

10,000 

iainiit(^ 


From information such as this, one could select a suitable rotor 
type, and finally work out the rotor diameter and head per 
stage. It is unlikely that the shape number will be less than 
60 or more than 200. 

Head, It will be noticed that the total head on the pump 
has not entered at all into the foregoing comj)utations. Only 
at the end of them do we arrive at the permissible head per 
stage, so that now it only remains to calculate how many stages 
will be needed to generate the desired head, § 115. This total 
head may be as much as 800 ft. 

Efficiency. The very varied conditions to which borehole 
pumps are subject make it difficult to give precise estimates of 
efficiency. Since we are here concerned with the pump itself, 
rather than with the complete installation, it may be preferable 
in the first instance to assess the pump efficiency as described 
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in § 125, and then to make a separate allowance for energy 
losses in the rising main and in the shaft bearings, § 316. 


Pumps for Hot and Volatile Liquids, etc., etc. 

138. Effects of Temperature Changes, etc. When hot 
liquids (^) flow through centrifugal pumps they bring with them 
various now complexities sucli as these : — 

(i) Thermal expansion and contraction of the parts of the 
pump must be carefully studied, and suitable provision made 
against risk of damage from this cause. 

(ii) High temperatures may so greatly reduce the viscosity 
of the liquid that leakage may now occur through joints in 
the pump casing that were ordinarily liquid-tight. New’ joint- 
ing materials or motliods may be 1 ‘ssential. 

(iii) Li(iuids wiiich are iimocuous at normal t(mii3eratures 
may grow' aggi’essive at high temperatuies and may corrode 
(‘lements of tlie pumj) w’hich w’ere formerly judged quite re- 
sistant. Different materials of construction will in these 
instances ))e required. 

(iv) The main stufling-l)ox of the pump requires competent 
maintenance v\oii w'lien subjected to low pressures and atmo- 
spheri(* temjKa’atures, § 8r». When there is a combination of 
high ])ressure, liigli speed, and high temperature, only a funda- 
numtally new' design of stiifting-l)ox may meet the conditions. 

(\ ) Hot li(j[uids and \olatile liquids liave an increased ten- 
dency towards \ aporisation. If the juessun^ is suddenly re- 
duced, the li(piid may “ flash " into \apour. The pump must 
bo so constructed and o}K‘rated as ti> prevent such flashes. In 
a similar way tlie increase in vapour tension as ttunperatures 
increase will materially affect the pcTinissible suction lift on the 
pump : tlu‘ ])ump maj e\ei) liave to be set bdow the suction- 
w^ell level, § 250. 

(vi) Alterations in licpiid density and viscosity such as ac- 
company temjMTatuie cluinges will lune a marked influence on 
the })um}) ])erformauce, § 255. Thus, if the rate of flow^ and the 
shaft s])eed w'ore kept unaltered, a pump generating 1000 
Ib./sq. in. w'ith water at 50° F. would generate a pressure of 
only SCO Ib./sq. in. at 400° P. 
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139. Expansion : Leakage. Although a pump when 
heated up should expand uniformly in all three directions, we 
may look for trouble cliiefly from vertical expansion and longi- 
tudinal expansion. Consider, for instance, a multi-stage pump 
supported on feet disposed normally beneath the body, Figs. 82, 
83. During erection it would be an easy matter to bring its 
axis exactly in line with the shaft of the driving-motor. But 
in use, if the liquid -e.g. oil— had a lemperaturr of 500° F., 
the vortical expansion of the pump body niiglil lift the shaft 
out of line with the motor shaft by an amount beyond the 
range of accommodation of the flexible coupling. Similarly the 
longitudinal expansion might distort the casing or even break 
off the feet. Preventive measures ada])ted to a barrel-type 
multi-stage pump, § 121, are shown in Fig. 03. The casing, 
in this instance of forged steel wit}) McOded brauch(‘s, is sup- 
ported by welded lugs lying in the iiorizontal plane coincident 
with the axis ; and in order to make sure that the b(‘(l])late 
itself suffers no change of shape, the stools on uhich the lugs 
rest may themselves be water-cooled. Longitudinal ox])ansion 
of the casing is freely allowed, for the supj)orting lugs are only 
secured at one end ; at the other end they may slide o\or the 
bedplate stools, being constrained sideways only by longitudinal 
keys. 

Anothej- possibility of trouble concerns 11 k shaft and im- 
pellers. If dissimilar metals are used foi these eoinjuments, 
differential expansion may result. 'Jlio impidleis, which 
appeared to be tight on the shaft at workshop tempi rat ures, 
may develop slaekni'ss at high pumping t(‘mpcTatui(*s. 

Split-casing liigh pressuie pumps, 120, are rcgatded by 
some users as unsuited for very high temperatures ; the main 
longitudinal joint is hkely to b(‘ too troublesome. But the ring 
type of pump, § 121, gives good ser\ie(^ witli extremes of 
temperature and pressure. The general style of mounting re- 
sembles what is sketched in Fig. 93, and in addition the main 
longitudinal tie-bolts are given special care. In one patented 
form of construction, they are enclosed in a eashig through 
which water at a controlled temperature is circulated, thus en- 
suring that they are not unduly strained if the pump is too 
rapidly heated up. This outer casing also simplifies the ar- 
rangement of the lagging or heat insulation that such a pump 
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will certainly need. In regard to the circumferential joints 
between the diffuser rings, many makers claim that these do 
not leak if of suitable metal-to-metal construction. 

140. Heat-resisting Materials. It is worth remembering 
that at least where water is concerned, high temperatures and 
high pressures inevitably go together — otherwise the water 
would vaporise. Experience has shown that for the respective 
components of tlie high-temperature pump, the following range 
of metals is appr()])riate : — 

Casing. Forged steel or cast steel will alone meet the con- 
ditions. Single-stage pumps may have tlie easing machined 
from a solid block of steel. 



Shaft. Forged steel, chrome-nickel steel, or nickel-chrome- 
vanadium steel. 

Impvllvrs and Diffusers. Monel metal, cast stainless steel, 
or copp(T-nickel alloy. 

For boil(‘r-f(M'd ])um])s it has been suggested tl)at the pB. 
\alue (hydrugen-ion concentration) of the water rnaj" give useful 
guidance (*). For example if the pn value is below 3-5, the 
working parts should be of corrosion-resisting steel, while bronze 
would be suit abU* for a range of jfJi \ alues of 3*5 to 6 0. J^etween 
6-0 and 8-0, tliere might be a choice of bronze, iron, or gun- 
metal, while an all-iron or all-steel puni]) would serve for still 
highei* pn values. Manifestly tlu^se are provisional suggestions 
only, to be accepted in conjunction \^it]i other cliaracteristics of 
the feed- water. 
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141. Stuffing-boxes. In the special types of stuffing-box 
that high-speed, high-pressure, high-temperature pumps may 
require, it may be necessary to mah^^ provision for any or all of 
the following needs : — 

(i) The packing may require protection against excessive 
pressure. 

(ii) An external jacket may cool the packing. 

(iii) Scaling, cooling, or lubricating liquid may be circulated 
internally. 

Figs. 94 to 96 show in schematic form a few suitable methods 

(*). 

Pressure-reducing Systems. Soft packings must not be 
subjected to excessive ])ressures for the same reason that they 
must not be scpuHv.ed too tiglitly by injudicious screw! ng-u]) of 
the gland nuts, § S] ; the packing might b(' forced so hard 
laterally against the shaft that overheating and ra])id wear 
would ensue. Jn standard pum])s it is often an easy matt<'r 
to ensure that high-])re >suie liquid ne\ er comes nc^u the** |)acking, 
even thougli the pump generates high pressures, § 121. But 
now we must constantly keep in mind tl association of high 
temperature and high pressure : no matter wlu'tlu'v th(‘ shaft 
emerges from the pump casing at the* high-piessim' end or at 
the (nominally) low-pressure end, the ])i*(\ssure-(hff<‘rence be- 
tween the internal liquid and tlie external atmosphere may be 
very considerable. If tliis pressure-difference is moie tluui wo 
consider the packing (*an su])])ort, viz., more tluin 200 Ih./sq. in. 
or so, how can we dissi])ate the redundant ])ressurc ? 

Fundamentally there is only one way. Wo must allow tlie 
liquid to leak through a naTrow opening and thus dc'stroy its 
energy in hydraulic friction or in turbulence. K\ampl(‘s of tliis 
technique have already been mentioned in connc^ction with 
wearing-rings, § 83. and balancing-discs, § 124 j new applications 
are illustrated in Fig. 94. 

142. Packing Protection, (a) Pressure. In Fig. 94 (i) a 
stuffing-box is shown having a bushing of length I interposed 
between the pump casing and tlie ])acking. From a small in- 
termediate chamber, leakage liquid can be drawn off through 
an adjustable valve. When tlie valve is closed there will be 
no pressure-drop in the busliing, and thus the first i)acking-ring 
will be fully exposed to the local pump pressure j). But if the 
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valve is opened slightly so as to permit flow through the narrow 
annular clearance space between bushing and the shaft, the 
resulting pressure-drop pi will reduce the i)ressure actually 
operating on the })acking to the value p,,, wliich may be well 
within safe limits. If the required drop cannot be created 
without wasting too much liquid or using an excessively long 
bushing, then a double serrated sleeve (ii) or a labyrinth, 
Fig. 94 (iii), may be preferred. 



1m(.. 1)4 Duigiaiiis showing leak olt s\sttins loi reiluoing jnessnin 
on stnfling bo\i‘s 


How to clih])oso of the leakago liquid is a matter that can 
only be dec-ided when the layout of the installation as a whole 
is s<‘ltled. 'riu'rc ih now an additional reason for choosing the 
most favourable ])oiiit for retuming the liquid to the main 
circuit. I\)rnu‘rly all such liquids only carried away hydraulic 
energy', § Ih’J ; but now they cany heat energy as well. Con- 
sc((ucutly a ugion should be sought wlieie the temperature 
and jiressure ditfiT as little as possible from those prevailing 
at the point whore the leakage emerges from the regulating- 
valve beneath the stuffing-box. (If this valve is omitted al- 
together, there will bo no danger of leaving it accidentally 
closed.) 

143. Packing Protection, (b) Temperature, etc. Cooling 

of the stuffing-box not only protects the packing, but to some 
extent it serves to reduce at least slightly the heat conducted 
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along the shaft to the main bearings (*). A plain water- 
jacket for the packing is illustrated in Fig. 95 (i), while at (ii) 
the jacket surrounds the shaft and is thus more effica(*ious in 
withdrawing heat. By the time hot liquid from the pump 
casing has penetrated along the narrow ciearance space, it 
should have little power to harm the packing. If a leak-off 
as indicated by broken lines is provided from the intermediate 
chamber, then pressure-reduction as well can be effected, as in 
Fig. 94 (i). A combination of systems (!) and (ii), lesults in the 
disposition Fig. 95 (iii), in which the jacket cooling whaler may 
be directed over circumferential cooling ribs. Alternative 
positions for the cooling-water inlet are here shown. 

Internal cooling can be contrived by forming an annular 
space between the sliaft wearing-sleeve, § 80, and a })art of the 



FlC. 9.”) I )iiiy‘i sliosx I ( ooln)^ s\ s1i ins toT >- 1 uf!ii hovt- tit 


shaft that is reduced in diameter, Fig. 90 (ii). Cooling liquid 
introduced into this spa(*e through a longitu imal hol(‘ escapes 
through a chambered recess in the gland. An alternati\e 
method of supplying cooling liquid to the annular s])ace is hy 
a pair of lantern rings, § 85 (!i), one at either end of the stuifing- 
box. 

Sealing of the stuihng-box can be effected bj^ using a lantern 
ring, just as it w'as in a standard pump. But now the conditions 
are different. Tt is not a question of keeping air out of the 
pump, but rather a question of keeping the licjuid in tlie pump 
from escaping into the air. High-pressure watiT, for example, 
would flash into steam, wldle spirits might gasify and form 
explosive mixtures with tlie air. A continuous stream of liquid 
through the lantern-ring. Fig. 90 (i), will certainly lu4p to cool 
the packing, and if the liquid is properly chosen it will lubricate 
the shaft as well. External jacket-cooling is additionally 
provided for both of the systems showm in Fig. 90. 
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The pressure at which sealing or coolmg liquid is supplied 
to the lantern ring may require careful regulation. If it is 
inadmissible for the sealing liquid to contaminate the pumped 
liquid, then clearly the sealing liquid must be kept at the lower 
pressure of the two. On the otlier hand, if there is no objection 
to a small amount of lubricant penetrating into the pump, then 
a supply of lu])ricatirig liquid may be used for sealing purposes 
and circulated continuously ; its relatively higher pressure 
would protect it from admixture with the pumped liquid. 
But as, in any event, there will certainly be leakage of sealing 
liquid from the gland into the atmosphere, the liquid must 
itself b<^ innocuous. 

144. Types of Packing. For use in the special types of 
stuffiing-box just desoiibed, we can hardly expect that the soft 



ri(», ‘K? i)ms;rams showing int<*inal < ooling of gland jiacking, oO 


cotton packing that serves so well for cold-water pumps, § 86, 
will still leinain serviceable Instead there is a range of suit- 
able h(‘at -resisting materials available, which includes asbestos 
either alone, or n'inforced with rubber, ‘‘plastic" compounds, 
or even with nudal foil (lead, copper, aluminium). If one 
could count on the pressure gradient in the stuffing-box obey- 
ing the ideal law, adc, Fig. 94 (i), then it might be adv antageous 
to us(‘ in diffeix'iit parts of tlie box different packings to suit 
the local pressure. Thus at the high pressure end of the 
stuffing-box, relativt'ly hard rings would probably be obligatory 
to nie('t the high local pn^ssure ; while' at the low-pressure end 
one might hope that softer rings would serv e. Such differenti- 
ated packings have given good serv ice in practice. Another 
solution is to rely wholly on rotating metallic sealing-rings, kept 
in place by springs and properly lubricated. 
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Hard packing-rings subjected to high-pressure would cer- 
tainly cut and score bronze shaft-sleeves such as serve for cold- 
water pumps, § 80. For high temperature pumps, only hardened 
and polished steel sleeves will resist the tendency to rapid wear. 
Finally, it caimot be forgotten that a shaft that runs as truly 
as possible and is free from all vibration is the basic requirement 
for satisfactory service in these severe conditions. 

145. Condensate-extraction Pumps. The water ex- 
tracted from surface condensers is admittedly not very hot, 
but neither is it cold. In any event the close collaboration 
between boiler-feed pumps, and the machines which deliver 
water to them, entitles condensate-extraction pumps to a place 
in this chapter ; and besides, the problems of sealing tliat earlier 
paragraphs have just examined are now of overmastering 



importance. The wJiole design of the pump is controlled by 
the necessity for excluding an> air whatsoever. Th(' ])umps are 
intended for use in a closed circuit in wliich the most extra- 
ordinary precautions are w<»rth while to prevent air reaching 
the boiler. Condensate-extraction pumps also naturally work 
under high vacuum heads, and as the pump must be set as 
small a distance as possible below the condenser, § 344, energj^ 
losses in the inlet branch of the casing must be as small as 
possible. 

Air Exclusion. This can most effectively be ensured by 
using two impellers set eye to eye. Fig. 97. If the main suction 
branch communicates with the space between them, it neces- 
sarily follows that the stuffing-boxes are on the outside or 
delivery side of the impellers. As the absolute pressure here is 
greater than atmospheric pressure, air cannot possibly get past 
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the glands. Sometimes the twin single-inlet impellers work in 
parallel, Fig. 97 (i), and sometimes a two-stage arrangement is 
preferred, (ii). The shaft may be either horizontal or vertical. 

Although in either event a split-casing disposition is con- 
venient, yet it introduces the risk of air leaking in along the line 
of the joint between the two halves of the casing. To eliminate 
this danger, a groove or channel may be formed the whole 
way round the joint, this aimular space being filled with water 
at delivery pressure. In this way the suction s^^aco of the pump 
is everywhere guarded either by solid metal or by a continuous 
barrier of high-pressure water. 

High Vacuum. This requirement is fulfilled by modifying 
the shape of the impeller and b}" following the rules laid down 
in § 255 (iii) h \ such changes may sensibly lower the pump 
efliehuiey. 

Low Inlet Loss. The casing inlet branch is made exception- 
ally large — p<‘rhaps ha^ing a cliameter more than double that 
of the outlet branch, Fig. 97. 

PirMPS FOK Viscors, CoRKOsiVE, Abrasive Liquids, Etc. 

146. Range of Material to be Pumped. From the point 
of \ iew of the pump, liquids can be graded according to a con- 
tinuously rising sc‘ale of impurity, viscosity, or corrosiveness, 
ranging all the way from distilled water on the one hand 
to thick mud, dredgijigs, or concentrated acid on the other. 
Already we ha\o made a little progress along this j)ath. Thus 
a nominally standard pump may require slight modification to 
fit it for handling the slightly acid w ater of mines, § 129, or for 
resisting the slightly aggressive action of hot w^ater or hot oil, 
§ 138. Similar!} the nominally clean cold water flowing 
through an irrigation pump may in fact be charged with quite 
appreciable amounts of sand or silt. 

But now the pump may ha\e to contend with far heavier 
degiws of contamination ; in brief, it must be able to handle 
amjthing that will flow through a pi pi. That is w^hy the title of 
this paragra])h mentions “ material ’’ rather than liquid. The 
substance that i)asses through the pump may not be worthy 
of the name liquid at all. Indeed the pump’s prime duty may 
be to transport solids, and not liquids, the solids being in 
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granular form so that when mixed with water they form a 
sludge or slurry. The water serves purely as a carrier, as it 
does in, e.g., water-borne sewage. 

In general, then, one might make a very rough division of 
the duties now in question as follows : — 

Viscovsor Corrosive Liquids relatively free from Suspended Solids 
Thick oils. 

Industrial and other products such as fiuit-jui(*e, milk, 
beer, liquors, etc., etc. 

Chemical products such as acids, alkaline solutions, etc., etc. 

Liquids charged with Floating or Suspended Material 
The solid and semi-soJid material may imlud^" . - 

In the pa})er industry : rags, wood j)ul]). esparto grass, 
etc. 

In metallurgical processes . ground-up ores and minerals 
of many kinHs. 

In general : — 

Sewage, e.g., paper, rags, refuse, et**. 

Loaves, weeds, straw, chips, etc. 

Coal dust, aslies, flu(‘ dust, clinker, <<ment sand, mud, 
silt, grit, ])ebbk*s small rocks, etc. 

Offal, grease, fat, etc. 

Miscellaneous matter in trade wastes, e g., fi-om sugar- 
beet works, etc. 

147. Modifications in Pump Design. According to the 
nature of the li(juid or the fluid mixtuie (*), iho d('Mgn<*r may 
have to make special pro\ ision against 

(i) Tlie chemical or elect rolv tic corrosive effe(d of the licfuid 
on the internal parts of tlie pumj). 

(ii) The abrasive or erosive action of the suspended solids. 

(iii) The tendenej^ of the larger solids to clog or choke the 
passages of rotor or (‘asing. 

(iv) The release of abnormal quantities of entrained air or 
gas. 

In regard to items (i) and (ii), we may either make the pump 
internal parts from very hard or resistant materials, or \\(^ maj" 
use an ordinary material such as cast iron and ])rotect it by an 
iimer resistant lining. Such resistant materials include : - 
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Bronze. 

Special cast iron, e.g., silicon cast iron. 

Steel : manganese steel, chrome nickel steel, cast steel, 

stainless steel. 

l.ead. 

Stoneware, porcelain, glass. 

Hard rubber, etc., etc. 

In regard to item (iii), all internal projections or coastruc- 
tional ekunents likely to o])s1ruct free movement of the solids 
must be eliminated from the pumj) design. These include fixed 
guide-vanes of any kind, internal bearing housings, etc. The 
rotor also may need radical modification in shape. Hand-holes 
wdth (]uick-openiug covers will be desirable, to x>ermit accumula- 
tions of solids to 1)0 cleared from the casing without w^aste of 
time. Snnilarly if loos^" renewable linings are provided, pro- 
vision should be made so that new ones can be quickly ex- 
changed for worn ones. 

Additional (juestions to ])e studied include : — 

{a) Unless the design of the stufting-l) 0 x is altered, the 
abrasi\(‘ solids may ra])i^lly score the shaft or vshaft sleeves. 

{b) A special su])])l}' of filtered water or li(piid may be needed 
for the lantern-rings, § 85. 

(r) IIot-MatiU* jackets for the easing may be required to 
keep thick liquids sutficiently fluid to pass through the pump. 

{(I) Chitting ap})liauces inside the pumj) may cut up fibrous 
solids that w'ould otherwise choke the rotor passages. 

In any event the ])rimaiy need is for a general stiffening of 
the whole construction. This is because' w'e can no longer rely 
on uniformity of flow' through the ])um}). The floating or sus- 
pended mat(Tial may not come along at a regular rate ; it will 
probably arri\ in sudden gul])s. In consequence violent and 
unpredictabh' unbalanc(‘d forces may fall upon the impeller 
and shaft, and the residting ri^k of dangerous vibration can only 
be counteix'd by skilful disposition of additional metal. 

Tlie of the ])ump inevitably suffers: if the de- 

signer is so much ])reoccu])ied with his task of shepherding un- 
I)ronnsing mixtures of material through the pump, he is obliged 
to let otluT matters take their chance. At worst, the gross 
efficiency may fall as low as 50 per cent. The greater the 
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departure from the standard rules of design set out in Chapter 
VII, the lower the efficiency is likely to be. 

148. Sub-standard Pumps. This term is intended to de- 
scribe machines whose general design does not seriously depart 
from normal. Examples are : — 

(i) Sea-wafer Pump, Only new materials of construction 
are required here, the general shape of the passages remaining 
unaltered. Non-ferrous metal, e.g., bronze, gunmetal, etc., 
should preferably be used throughout, alike for the impeller, 
the casing, and tJie shaft. Only in this way can the danger bo 
averted of electrolytic action at the junction between fcTrous 
and non-ferrous metals. 

(ii) Stuff Pump. In the paper industry the concentration 
of rags, pulp, etc., may often be less than 2 p(T cent., and in tliat 
event relatively minor alterations will permit stand.ird designs 
to serve (^). Split-casing double ink't pumps are suitabk , Fig. 
119 (ii), except that optm-type impellers as in Fig. Wl (I\’) an' 
substituted. As tin vv'car on the sid<‘s of lh<‘ casing adjac('ut to 
the blade edges may be hea\y, lenewable side plat(‘s as seen in 
Fig. 99 may be ad\ antageous. 

(iii) Oil Pumps. Machines that are virtucvll} standaid will 
serve for a wide range of oils and petrokum piodiiets. But 
for high-temperature service in refineries!, the pump must 
naturally be modified as desciibed in §§ 138 144. 

149. Unchokeable Pumps. This class of machine repre- 
sents the limit of the range ; its design is now whollj^ subordin- 
ated to the requirement that aiu/thiug that irill />< 7 ss through th< 
suction branch will also pass through the rotor pa ssagts. Natur- 
ally the stipulation must iiot be taken too literally ; it means in 
effect that solids up to 6 in. in diameter may be ('xpectod, for 
even if the pump branches are much bigger than that, tlie water 
could not convex anything larger. It is also the trans])orting 
power of the water tliat sets a lower limit to the size of un- 
chokeable pumps ; if the pip<‘s and liranches W(Te less than 
about 3 in. in diameter, the corresponding water velocity 
would not be high enough to kcM^p the pipes clear. 

Almost invariably side-inlet impdlers are preferred, usually 
of the open type, Fig. 37 (III), but sometimes of the shrouded 
type (I). The number of blades is hardly ever more tlian four, 
and is quite often only two. Fig. 98 shows what great changes 
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from standard blade form are essential ; type (i) is a patented 
shape intended to resist clogging by stringy or fibrous material, 
while type (ii) is suited to a wide range of liquid-solid mixtures. 
Comparing Figs. 37 and 98, wo notice that the projecting boss 
of the standard impeller is now almost eliminated. 



Fk,. Ms fM for utm h()ke«})U* puiii])s 


The uncliokeable pump illustrated in Fig. 99 has a shrouded 
or closed 2-bladed side-ink^t impeller, and its suction })ran(*h 
has a liand-liole fitted with quick-opening door which jierinits 
the impeller to be cleared Renewable side-plates protect 
tlie pump casing and cover against the heavy wear which may 
be expcTienced in these regions. 



150. Lined Pumps. An example of a pump built of 
standard materials but fitted witli resistant linings is shown in 
Fig. 100. In this instance the lining is of hard rubber, which 
is found very suitable when the water contains quantities of 
ashes or grit in suspension (*). The impeller is of the general 
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pattern depicted in Fig. 98 (ii), and in addition it has special 
vanes at the back for the purpose described in § 151. At the 
bottom of the casing there is a cleaning door. 

If the lining is of stoneware, glass, porcelain, or the like, 
intended to resist chemical action, then one of the chief prob- 
lems of design is to ensure that the vulnerable cast iron i)arts of 
the pump are thoroughly ])rotected, even at the joints. Since 
the slightest unobserved leakage of corrosive liquid might attack 
and seriously weaken the bolts that fasten together parts of the 



casing, external bolts always o])en to inspectioji are to be 
recommended. 

The need for quick replacement should Ix^ kef)t in mind, 
§ 147, when rencwabh* steel linings are specilied, suitabh' for 
use with liquidvS containing highly abiasi\e mateiial 

151. Axial Thrust: Leakage. In regard to axial thrust, 
it is clear that if the liquid contains floating or suspended matter 
we can no longer rely on the balancing holes and sc^aling ling 
described in § 77 ; the lioles would choke up and the sealing 
ring would either jam or very rajiidly wear. The only alter- 
native is a heavy external ball-thiust bearing, as in Fig. 100. 

Norma] types of sealing ring, as in Fig. 99, can be protected 
by a supply of clear water fed into the clearance space. 
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As for the stuffing-box, new solutions must be found to the 
problems posed in §§ 85, 86, or 141. Some possibilities are : — 

(i) We can so control the local pressure inside the pump, 
close t/O the stufiing-box, that there is the least possible ten- 
dency for the gritty or corrosive liquid to leak along the shaft 
and attack the packing-rings. This will naturally occur when 
the absolute pressure here corresponds to atmospheric pressure 
Pa- Now the absolute pressure at the impeller rim, p,., will 
almost certainly be liiglier than this — ^its value will depend upon 
the total head on llie pump and upon the suction lift, § 163. 
A method of neutralising this pressure difference (pr — Pa) 'w’as 
suggest(^d in § 74. In a standard pump it was shown that there 


already existed a pressure difference of w 



29 , Fig. 


42 (ii) ; 


now we must realise tliat tliis could be increased quite consider- 
ably by controlling the speed of revolution of the liquid in the 
clearance space between the impeller and casing. Hitherto we 
liave ar))itraiily assumed tiiat the speed of the liquid elements 
is on(‘-half of the imp(*ller spied. If vanes are cast on the back 
of the imp<‘llor these would enforce a much higher speed, which 
in turn imj)lics a biggei pressure difference (^). 

It is tlie radial length of the auxiliary vanes that controls 
th(' intensity of the pressiire difference. In the pump illustrated 
in Fig. 100, these \anes (which of course have no functional 
connection whatever with the working \anes) extend actually 
beyond the tips of tlie working vanes. 

(ii) The priu(‘ii)le of the lantern-ring, § 85, may be applied. 
If ch'an water can be allowed to mix with the pumped liquid, 
thiui lilxual supplies irom a separate source can be fed into the 
stufling-box, thus w'ashing away from the neighbourhood all 
gritty particles. 

(iii) If the liquid levels and the pressure-control vanes 
((i) above) are suitably adjusted, it may be possible to do with- 
out a stuffing-box altogether ; such leakage as occurs can be 
taken back to the suction w ell. Vertical-shaft pumps especially 
can be so designed. 


Other Special Types of Pump 


152, Self-priming Pumps. In their usual conditions of 
service, normal types of rotodynamic pump will not begin to 
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deliver liquid until they have been “ primed ”, § 291. Before 
the machine is started, residual air must be removed from the 
pump casing and suction line, and replaced by liquid. A fielf- 
priming pump is one that performs this operation automatically ; 
no matter whether air or liquid enters the suction pipe, the ap- 
paratus will deal equally well with either. 

Although self-priming pumping sets are built in a great 
variety of types, they may roughly be classified into : — 

(i) Dual -service pumps which by their own nature are 
adapted to work with air or with li({uid. Some of them are 
hardly entitled to the name “ rotodynamic pump ” at all. 

(ii) True centrifugal pumps which have incorporated in 
them a priming nozzle, which projects a jet of liquid into the eye 
of the single-inlet impeller. 

(iii) Centrifugal pun»ps fitted with dilfuseis, § 44, in which 
the priming action takes place at the tips of the impelltT blades. 

(iv) Standard centrifugal pumps working in paialh'l with an 
independent air-exhausting pump which automatically comes 
into action when the main pump is started. 

Although the dual-service pump is the simj)le8t in con- 
struction, its efficiency is low and it is onl} preferred when the 
power input does not exceed a few horse-nower. As by any 
system the self-primiiig effect can only be bought at tlie cost 
of some loss of efficiency, large pumps are rarely so adapted ; 
they have an independent priming system as described in § 292. 
In addition, there are other possibilities, as (‘xplained in §§ 33S- 
340. 

153. Dual-service Pumps, (a) Turbine-typi. The term 
turbine pump ” is sometimes apjjlied to any standard centri- 
fugal pump provided with a diffust^r tyj)e of recuperator, § 44. 
Here the term describes a special kind of small pump in whicli 
the rotor blading resembles tlie blading of a steam-turbine 
rotor ; the pump rotor is housed in a casing which again is 
quite unlike a normal volute or normal diffuser. The inlet and 
outlet branches are disposed in tlje top of the casing ; conse- 
quently if the casing has initially been filled with ]i(|uid, it will 
always remain full after the pump has stopped. On re-vstarting 
the pump, internal circulation of the liquid creates a suction 
effect which quickly exhausts air from the suction pipe, 
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whereupon liquid begins to flow normally through the circuit. 
The permissible suction head may be as high as 20-25 ft. 

(6) Liquid’ring Pump. The rotor of this pump, Fig. 101, 
has radial blades, and it is mounted eccentrically in a circular 
casing divided by a diametral partition. Fluid enters the rotor 
through a crescent-shaped port on one side of the partition, and 
leaves through a similar port on the other side. The action is 
as follows : Assuming that the necessary initial charge of liquid 
has been poured into the casing, then when the rotor begins to 
revolve it drives round with it the liquid caught between the 
blades. Eventually, after full speed has been reached, centri- 
fugal force acting on the rotating liquid causes it to form a 
continuous ring wliich is forced against the outer circumferential 
wall of the casing — hence the term “ li(juid-rmg pump 



Now let us examine the series of small cells that lie within 
this ring. Each of these cells is enclosed by (a) two adjacent 
rotor blades, (b) the inner surface of the liquid ring, (c) the 
parallel sides of the casing. Now because of the eccentricity 
of the rotor shaft, we observe that as the rotor levohes clock- 
wise, the volume of eacli cell constantly changes ; in the diagram, 
Fig 101, the \olume of the descending cells increases while the 
volume of the ascending cells diminishes. To occupy the in- 
creased space made available in the descending cells, air enters 
from the pump suction pipe, and this air is discharged into the 
deliveiy pipe on the upwaid journey. In this way the suction 
systcun is progressively evacuaU'd. When all the air has been 
drawn out, liquid now follows ; and it continues to pass through 
the pump just as the air did. Thus the pump will discharge 
air or liquid whichever is fed to it (*). 
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Quite evidently the liquid-ring pump is not a true roto- 
dynamic machine ; it is only described here because it is such 
a useful collaborator with centrifugal pumps. 

154. Pumps with Priming Nozzles. In these machines, 
§ 152 (ii), the rapidly-moving impeller blades cut through the 
priming jet and break up the liquid into a dense cloud of spray 
which continually sweeps through the impeller passages, en- 
training with it a steady stream of air frorn the casing and 
suction pipe. As soon as evacuation is (iompleto, liquid now 
flows up the suction pipe and into the impeller, wlioreupon 
normal pump operation begins. As in all self-priming pumps, 
the casing holds a sufficient reserve of liquid to begin the priming 
process as soon as the shaft begins to turn (^). 



Flo. 102.— DiagrjiiiiR slio\Mng working (*t 

The fully-automatic self-priming pum]) shown schematically 
in Fig. 102 has its suction branch aminged in tlie top of the 
casing, w^ith a flap-valve serving as a non-return Aalve, § 290. 
Another automatic valve cuts the priming nozzle out of action 
when the pump begins to work normally. Three phases in the 
starting of the pump are illustrated in the vliagram, thus : — 

(i) The pumj) is dead, and the impeller is submerged by the 
residual charge of liquid. Had it not been for the clos<‘d flap- 
valve, this liquid might have siphoned back down the suction 
pipe when the pump was last shut doAvn. 

(ii) The pump has been started and is in jirocess of evacua- 
ting the suction spaces. The nwolving impeller Juis drawn 
down the liquid in the suction side of the casing and raised it 
on the delivery side ; the resulting head-difference generates a 
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continuous flow through the priming nozzle. Of the air-liquid 
mixture discharged by the impeller, as explained above, the 
air passes away up the delivery pipe and the liquid is re- 
circulated. Meantime, air from the suction pipe has pushed 
open tlie flap valve, and tlie vacuum steadily grows stronger ; 
in turn the head-diffen^nce acting on the nozzle increases and 
the action of the priming jet gi*ows more intense. 

(iii) Liquid from the well having by this time followed the 
air up the suction ])ipe, and all the air having now been 
evacuatefl, normal pump operation begins. “ Solid ” liquid 
flows through the imi)eller — wliich now generates its full 
working head — and out through the delivery branch. The 
sliunt or by-pass flow 
through the priming circuit 
has })(‘eii so i)owerfiil that 
it has lifted the shut-off 
valve and, by stop])ing 
the flow, has pre\enfed 
furtluT waste of eiu^rgy 
tliere. 

155. Pump with Im- 
proved Priming Circuit. 

In self-pruning })um])s 
fitt(Hl with e\acuating 
nozzles, tlie s])eed and 
certainty of the ]> riming 
operation de})ends a good 
deal upon the etfecti^e 
separation of the air from the liquid. This can be encouraged 
by ])ro\ iding a s])ecial separator, as indicated in Fig. 103. 
The ])unip is now' Aii'tually of standard form ; only the inlet 
and outkd passages are unusual (^) To the suction flange 
is bolted a A'c'rtical cylindrical container which serves both as 
a reserxoir for the supply of priming liquid and also as a cen- 
trifugal separator. An axial passage leads air or liquid into the 
puiu]), and this passage houses a ball type of reflux-valve. 
The puni]) deli^ ery branch is coimected to the upj)er end of the 
cylindrical container ; as shown in the sectional view' XX, the 
connection is airanged tangentially, so ensuring that a rotary 
motion is imparted to tlie air-liquid mixture discharged by the 
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impeller during priming. It is this vortex motion which swiftl}’' 
separates out the air. The heavier fluid, viz. the liquid, is 
forced against the cylindrical wall of the container, thereafter 
descending to the priming nozzle ; the lighter fluid, air, remains 
near the core of the vortex and can pass freely away up the 
main delivery pipe. 

In this relatively large unit the priming circuit is shut off 
by a hand-operated shutter, Fig. 103, rather than by an auto- 
matic valve as in Fig. 102. 

156. Combined Self-priming Pumps. There are various 
ways of assembling together a standard centrifugal pump and 



Fig. 104. — Comimiod self -pinning punijiing set. 


the auxiliary pump which will be called upon to evacuate the 
entire circuit when the set is started, § 152 (iv). 

(а) In the system illustrated in Fig. 104, a liquid-ring pump 
attends to the priming, § 153 (6), its rotor being mounted on 
the same shaft as the centrifugal pump imjx^ller. To the 
suction chamber of the centrifugal pump there is bolted a 
separator which delivers liquid to the main pump and air to 
the priming pump. When the set is started, the impeller re- 
volves idly in air and the priming pump begins to draw air out 
of the suction pipe ; when “ solid ” liquid finally reaches the 
set, the centrifugal pump and the liquid-ring pump share it 
between them. The two pumps do strictly work in parallel. 

(б) As the liquid-ring pump is never so efficient as the 
centrifugal pump, the close-coupled set shown in Fig. 104 
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always absorbs slightly more energy than an equivalent cen- 
trifugal pump alone. In order to overcome this disadvantage, 
the priming-pump may be mounted on the pump frame as an 
independent mo^or-driven unit. Its own driving-motor may 
be controlled by a pressure-operated switch connected to the 
main pump delivery pipe. The switch-gear is so arranged tliat 
when the main pump motor is started the auxiliary circuit is 
also energised ; as the main pump impeller is as yet running in 
air, no pressure is developed and the pressure-switch automatic- 
ally closes and starts tlic priming pump motor. When priming 
is complete and liquid pressure builds up in the delivery pipe, 
the switch opens, the priming pump stops, and its motor 
absorbs no further energy. 

The vertical pump shovm in Fig. 40 (i) can conveniently be 
made self-priming by mounting above it a liquid-ring pump. 
Although tlie priming })ump is driven at the same speed as the 
main pump, the two hydraulic circuits can be kept quite dis- 
tinct by means of a float-operated valve, which is advantageous 
if the licpiid passing through the main pump is too dirty to be 
relished by the liquid-ring i)ump. There is also the possibility 
of reducing the ])riming-pump energy consumption during 
normal running by partially draining liquid from its casing. 

157. Hydraulic -storage Pumps. If hydraulic-storage 
pumps are not always special in construction, they are some- 
times unique in size. No other pumps yet built will transmit 
sucli large amounts of energy. Units of nearly 40,000 h.p. 
each are in operation, and units of more than 60,000 h.p. are 
projected. Indeed we are more interested in the energy than 
in the water, for the water is merely the medium by which 
excess energy from another source can be utilised and stored 
in hydraulic storage basins, § 349. 

A constructional ])eculiarity sometimes imposed hy the 
scwere operating conditions the pumps must meet is indicated 
in Fig. 105. The inU^rnal stay -vanes, § 88 (ii), are composite, 
each having a fixed part and a pivoted moveable part. By 
means of an external system of cranks and links, all the pivoted 
tongues can be turned in unison. During normal pump opera- 
tion the tongues are held in line witji the fixed vanes (i) ; but 
during starting or stopping tlie tongues are closed (ii). The 
regulating system thus resembles the gate mechanism of a 
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Francis turbine, but now its purpose is rather different : it is 
intended to control the potentially dangerous pressure-fluctua- 
tions that may arise when the pump is stopped, § 360. 



Ftcj. 105.- Pump w ilh <i(lj List al>l« ])la(h‘s. 

If the hydraulic conditions demand a two-stage construction, 
the disposition show'ii in Fig. 10(5 lias Imhui ftnind satisfactory. 
The first stage consists of a ])air of opjiow'd single-inlet imjH'llcrs 
working in parallel, each with its own suction branch, diffuser 



Fig. 106. — Tv^o fiimip ior }iv<Panli( stoiagi* installation. 

and return passages, § 122; the second stage has a double- 
inlet impeller and a volute. Pivoted guide-vanes are provided 
as in Fig. 105. The extremely heavy design of the whol(‘ unit 
is specially to be noted (*). 
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158. Aspects of Pump Performance. After a pump has 
be^^n built and when it is ready for scTvice, the designer natur- 
ally wislu's to know how it beha\es. By observations made 
under running conditions, he must satisfy himself that when 
dri\en at the s})eeilied s])e(‘d, the pump really delivers the 
speeilied (luaidity of licpiid against the specified head. 

But there an' wider aspects of performance than these. 
What will ha])])en if the pump is compelled to work under a 
higher or a lower head than was originally foreseen ? What 
will be tlie (‘ffeet of \arying the running speed ? If the liquid 
sup])lied to the pump is changed, will the performance also be 
altered ? For how long will the machine keep up its test-bed 
})erforman(‘e ? Will it become unser\ ice'able after two years or 
after twenty years ? The answ'(‘rs to these questions may often 
be linked vv'ith the manner of installing the jmmp. We shall 
probably tind that it is essential to studj" the installation as a 
whole, rather than to ke('p our eyes on the pump alone. Altera- 
tions in the length and diameter of the piping, or in the position 
of the pump in relation to the pi])ing, may have a profound in- 
fluence on tlie overall performance. Nor can we afford to 
neglect the very conqdex c^mditions that arise when the pump- 
ing sot is being started up from rest, and when power is cut off 
from the motive unit. 

If the purchaser and user may find it worth while to be in- 
formed on sueli matters, it is quite essential that the pump 
designer and the I’esearch engiiUH'r should so instruct themselves. 
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Only by patiently recording the widest range of facts about the 
biggest variety of pumps can the manufacturer make trust- 
worthy forecasts about the performance of projected new 
machines. This array of facts must ultimately include many 
more than mere records of observations of speed, head and 
discharge ; experimental methods must be devised to explore 
systematically the state of affairs wdtliin the pump. 

159, Nomenclature of Performance Conditions. In 
this book the following terms will denote conditions of pump 
performance : — 

Design Conditions. The pump is running at its normal de- 
signed speed, it is delivering its normal rated flow, and it is 
therefore presumably generating the stii)ulat(‘d head. The 
machine is then said to be oj)erating at its design point. 

Reduced-flow and Increased- flow. The designed speed re- 
mains imaltored, but the discharge is less t han normal (reduced- 
How, or part -flow), or greater than normal (inereased flow). 
These variations in discharge are almost invariably accom- 
panied by or caused by changes in the liead generated. Re- 
duced-flow conditions include the spe(‘ial cas(‘ of zero discliarge : 
the pump is delivering no liquid at all. Since tliis result is 
usually achieved by closing a throttle-\ al\ e on the deli\eiy 
pipe, the term closed-throitle conditions is used synonymously 
with zero-discharge conditions. 

{Note — Tho tornm load and oixtlond «uo .soimd used in place of 

reduced-flow and me leasc'd flcm . But in this book they aie rejec'ted Imm aiise 
part-load conditions lu this sensi*, viz , rediuedtlow, nia\ throw an oictlond 
on the driving motor, § 213 ) 

Universal Flow Conditions. The Jiump may run at any 
speed, either lower than the designed speed (reduced-speed), or 
higher than the designed speed (increased-speed). The flow 
may be eitlier normal (designed) or reduced or increased or 
zero. The liquid may be water or any other fluid for wliich 
the pump is suited. 

Qeometrically -similar Conditions. Here we are concerned 
not with the actual pump itself, but with a reproduction of the 
machine on a larger or smaller scale. The reproduction may be 
a real or an imaginary one, but in any event tho proportions of 
the original or prototype are assumed to be faithfully copied. 
The term geometrically-similar conditions, although perhaps 
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lacking in precision, will serve to indicate that what is in ques- 
tion is the performance of a geometrically similar pump. These 
conditions also can be studied under the general heading of 
Universal Flow. 

Installed Conditions. Under this head we may conveniently 
group such departures from test-bed conditions as cannot readily 
be reproduced in the test plant. They may comprise : — 

(i) Effect of piping layout, etc. 

(ii) Effect of suction lift. 

(iii) Effect of length of service, e.g. deterioration due to 
wear, corrosion, etc. 

Transitory Conditions. This term will be used to describe 
the special type of installed conditions that are imposed on the 
pumping installation during changes of regime of any kind. 
These tran^^ ieiit conditions occur during or immediately follow- 
ing the short periods of time in which the speed, the head, or 
the discharge are in course of variation. In general, the ex- 
pression will apply particularly to the starting and stopping of 
the pumping set. 

160. Assessing the Performance. Keeping steadily in 
mind the basic purpose of the pump, viz. to transmit energy to 
the liquid flowing througli it, then the success of the machine 
when it actually begins to work can only be assessed by ac- 
curately measuring the energy increment received by the liquid. 
We must measure (i) the total energj" of the liquid at a point or 
plane just before the licpiid reaches the pump, (ii) the total 
energy just after the liquid leaves the pump ; and the difference 
between the two ^alues will provide the desired information. 
Now total energy is defined as the sum of the position energy or 
geodetic head, the pressure energy and the velocity energy. 
If we were concerned only with conditions at a point, this 
summation might bo easy. But in fact we are usually thinking 
about a plane — or two planes ; a transverse plane upstream of 
the pump and another one downstream. These may be co- 
incident respectively with the suction and delivery flanges of 
the pump casing. It is possible but by no means inevitable 
that the pressure-head may be uniform at all points in a selected 
plane ; but it is in the highest degree unlikely that the velocity 
head will be similarly uniform. In fact we can say positively 
that the velocity distribution will not be exactly uniform 
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across the suction plane, and that it will frequently be still less 
uniform across the delivery plane. Apparently, then, we ought 
to make a number of velocity and pressure measurements at a 
number of positions in each plane, and thus compute a mean 
value of total energy at inlet and outlet. We onght to do tliis, 
but we hardly ever do it. The labour involved would be too 
serious. Instead, w^e use a single mean value of velocity energy 
based on the mean velocity at the pump flanges. ] t follows that 
, pump tests as normally conducted may 

nemr tell tts precisely w'liat energy the 

liquid has recehed. There may 

^ ^ alw^ays be an element of unceitainty 

(‘oncerning tlie velocity distribution, 
Jji especially at the delivery flange. As 

a rule the range of uncertainty falls 

w’ithin the limits of error permissible 

::T!y in pump tests, but that does not 

' I ^ ^ absolve tJie testing staff from tlie need 

„ , for special (‘are wdien making measure- 

Fio. 107. — Siin])l(» ])iinij>in^ ^ ^ 

Pii-cuii. ments at the pump outlet. 

161. Dead Head and Total 
Head. Tlie simple layout sketched in Fig. 107 seems to offer 
opportunities for easily asst*ssing energy changes. The immp 
suction flange is directly bolted to an inlet chambe^r, and 
the delivery flange is similarly connected to an outl^^t tank ; 
at the delivery flange the mean velocity is In the two 
tanks the surface levels are assumed to remain unaltered. At 
the pump inlet, the total energy of the liquid will be re- 
presented by the positive head above the pipe axis ; at 
outlet, the liquid has a pressure energj" and a mean 


velocity energy 


hgj is the difference of 


surface level — ^the static or dead head--tJien evidently the 
nominal energy increment is 

Now let the two chambers be spaced some distance apart, 
with horizontal lengths of uniform pipe iuter])olated. Fig. 108. 
If the pump speed and discharge have remained unchanged, 
this alteration to the system cannot disturb the internal work- 
ing of the pump : the energy increment must still have its 
original value. Yet the dead head, or vertical heiglit through 
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v^liich the liquid is lifted, has fallen from the value to the 
value ///. The reason is clear : some of the energy the pump 
has given to the licjjuid is quickly dissipated in pipe friction. 
Tlie conventional metliod of plotting pressure-head and total 
energy enables the clianges in the energy-content of the liquid 
to be readily traced as the liquid passes through the system. 

Actual pumping installations are usually a good deal more 
complicated than this ; they include foot-valves, bends, elbows, 
etc., and there may also be variations in pipe diameter. More 



com])reJiensiv(‘ inetliods of assessing effective head are therefore 
essential. 

162. Manometric Head and Effective Head. In the 

geiKTalised system dc])icted in Fig. 1011, energy lof^ses can be 
grouped in the following categories 

(i) Loss at entry, e.g. in the foot -valve and strainer, § 290, 

71 • 

(ii) Pi])e friction losses, - hf. 

(iii) Eddy losses due to bends, elbows, partially-closed 
valves, etc. hi. 

(iv) Velocity eiuTgy dissipated in the outlet tanli, — — 

(where exit velocity from delivery pipe)- 

(v) liosscs in the suction system only, excluding inlet 
loss, - 

Now* the net or ultimate (uxergj' gain experienced by the 
licluid, from the moment it begins to move in the lower tanlv to 
the moment it tinally comes to rest in the upper tank, is equiva- 
lent to the dead head or static lift i/,. Evidently, therefore, 
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the effective energy increment that must be imparted by the 
pump must be the sum of the dead head and all the energy 
losses. The summation is not at all an easy one — in fact un- 
usually good judgment is required in estimating energy losses 
in such conditions. Fortunately there is no need to rely upon 
so uncertain a method. The pressure-difference generated by 
the pump can be measured with sufficient accuracy by means of 
pressure-gauges connected to tappings at the pump flanges, and 



when these readings are corrected for velocity head the result 
yields the desired value of the energy increment with as small an 
error as we can reasonably hope for. 

If — reading of suction gauge ) both in terms of head 
Hmd ~ reading of delivery gauge I of pumped liquid, 

= mean velocity at suction flange, 
v^ — mean velocity at delivery flange, 

Aft = vertical height or difference in level between 
gauges, 

then the effective head on the pump, is represented by 
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He ~ H^a + + H^s — ~ hf^, 

20f 

The manornetric head on the pump, so called because it depends 
on manometer or pressure-gauge readings, is defined as : — 

H - H jrfig -f- “f* hfi^. 


163. Standardised Estimation of Head. To bring the 
above expressions within standardised conditions, we may re- 
quire the gauges to be s('t at the hrd of the horizontal 

axis, tlms making h^ - zero ; or alternatively the actual read- 
ings may be adjusted to give the same effect. On this under- 
standing, the \arious meanings to be attached to the term 
“ head ” can finally be collected together thus : — 


Total static h(ad or dead head 
(l)iff(‘rence in surface k^vel 
between suction and delivery 
chambers) 

Static suction la ad or suction lift 
(V<‘rtical distance ])etwe(‘n 
pum]) axis and surfac(‘ level 
in suction chamber) 

Ma)iotn(t} ic head 1 

(Incr(‘ase of j)r('ssure head ^ 
generated by pump) J 

3Iano7nctric suction load 1 

(Standardised reading of j- 
suction gaug(') J 


- H. 


H,n 

H + H^ 






Kffictiv( head 

(Increase of total energy geiur 
ated by pump) 


1 


- H. 


- iKui +~ + 






Hg + ^in + ^/ “h 

^ 2gr 


( 11 - 1 ) 


( 11 - 2 ) 

( 11 - 3 ) 


7 
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Henceforward the standardised terms just defined will in- 
variably be used. (Example 18) 

{NoU . — American engineers sometimes use tlie term dynamic 
head in place of (ffectivc head.) 

Naturally these expressions must be used with discretion. 
Should the pump have a jwf^itive inlet head, for example (Figs. 
107 and lOS), so that there is a positiv(‘ pressure at the suction 
flange, then tlie pressure increase across tlie pump flanges vill 



be proportional to — and not to //ms- 

Further, equations (11-1) and (ll-:5) are only valid if the liquid 
in the suction and deliveiy chambers is freely exposed to the 
atmosphere. An installation where this stipulation is by no 
means fulfilh^d is slunvn in Fig. 110 ; a pump (or in ])ractice a 
group of pumps) draws water from a condenser and delivers it 
into a steam boiler. Since the \clocity lieads a]*e Iktc ex- 
tremely small in relation to the pressure lieads, they ar(' dis- 
regarded in the diagram. We observe that the effective head 
on the pump is now the sum of (1) the static head, (2) the 
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energy losses in the pipe system, (3) the head equivalent to the 
eondenser vacuum and (4) the head corresponding to the boiler 
(gauge) pressure. If we plot what would be the position of the 
levels of the free surfaces if these were allowed to develop, 
Fig. 110, then equation (11-3) can be applied without further 
correction. (Example 19) 

In assessing the value of the effective head under any cir- 
cumstances, it is almost invariably helpful to plot or at least 
sketch the liydraulic gradient and energy lines, as in Figs. 108 
to 110. Nor must it bo forgotten that the pump has no means 
of discriminating betwt'en the different ways in vdiich the total 
head may be imposed on it. It is a faithful but not very in- 
telligent ser\^ant, which under stated conditions will generate 
exactly tlie same head no matter whether tlie head is created 


by gra\ity or by friction or by throttling or by artificial positive 
or negative pressures, or l)y any combination of these. 

164. Energy and Hydraulic Efficiency. What are the 
niathcmiatical Icims that luu e b(*en used for expressing effective 
head or energy increment Nominally the terms are units of 
length- feet or mc'tres -but basically the terms are energy per 
unit weight of ligvid, e.g., foot-pounds per pound of liquid or 
kilogram -nu'tres per kilogram of liquid. To say, then, that a 
pum]) g<‘nerates an effective head of 28 ft. is a convenient 
abbreviation of the statement : the pump is giving to each 
pound of li(]uid an energ\^ increment of 28 ft. /lb. Here 
is a clue to finding methods of e\])ressing the efficiency of the 
pump or of the ]nim])ing installation. Since the term efficiency 

^ Output . . . 

as used by engineers awavs has the sense : : since it is 

Input 

a ratio or dimensionless (juaiitity : then if effective head is 
taken as a m<'asure of out])ut, it follov\-s that energy input 
must also be express('d in terms of energx’' per unit weight. 
According to the fundamental theorj’ of rotodAuiamic pumps, 

V V 

C 11 • X,. -1 1 T7I ^ 2 *- 2 T'r 


§ 11, this input is rejiresented by E 


where Vo is the 


tangential or whirl \ elocity component impressed on the liquid, 
and r 2 is the rim velocity of the rotor. On this basis the ideal 

TT 

efficiency of the ideal impeller was seen to be - — . . (§13) 
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If for the ideal head we substitute the observed effective 
head and if we replace the ideal whirl component F 2 1^7 ^le 
true whirl component F„, § 24, then the actual pump efficiency 
may be written : — 

giie 


This value is known as the hydraulic efficiency. 

Because of the experimental difficulties in estimating the 
numerical A^alue of the wliirl component, § 17, precise' values of 
the hydraulic efficiency 7 ;^ (‘an rarely be established. Never- 
theless arbitrarily-assumed values, § 98, serve as an indispens- 
able basis for pump design. The factors that mfluencje these 
values are examined in §§ 193 to 195. 

165. Power and Gross Efficiency. An altcTnative 
method of assessing the beliavnoiir of rotodynamic piimj^s is to 
use the expression : - 


Gross or ov(raU effici<ncy 


Power output 
i^ow(‘r input 


The various tc^rms of this expression can Ik' evaluated thus : — 
Power input, or Shaft horse-pomr. Denoted by the symbols 
S.H.P., or P„ this is the horse-power fed into the pump sliaft. 
If the pump is direct -coupled to its inotiv^e-unit, them the 
S.H.P. is identical with the B.H.P. output of the driving engine 
or motor. 

Power output, or Water horse -j)ower. In general, horse- 
power is represented by 

Energy per second 

where Kj, is tlie horse-power constant, or energy per second 
equivalent to 1 horse-power. 

For the particular ease of a rotodyiiamic pump, the eneigy 
per second imparted to the liquid is expressed by 

Weight per second X energy per unit weight. 

We can therefore write : 


where 


W.H.P. - P, -- 


W H, 


Pw-- water horse-power. 
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W “ weight of liquid pumped per necond. 

Q — volume pumped per second. 

Il^ — effective head generated. 
w ~ density of liquid passing through pump. 

For routine computations it is convenient to use the form : — 
^ Discharge X licad or pressure 
Divi^’K * 

According to the units chosen, the value of the divisor K 
will be ; — 


\ of !i irjjt 

Cnit^ ot l^tfc t five lie »<1 
or I'rc ssui t 

Drvisor K 

INmiihK pc \ St ( (tiicl 

I « c t lit ad 

ru){) 

( (.illotis ot (ol</ K af< y j)( I 
niinutc' 

i ( ( t iic ad 


( 'iibic Ic (1 ])( I sc c ond 
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(iros,s iffidiHcy. The ^allle of the gross efficiency, 

rti ^ u I ^ 

can now iininediatc'ly he computed. Since tlie gio.ss efficiency 
i.s easier to cxaliuite, and is more generally u^eful, than the 
hydraulic effieieiie;\, tlie teim (ffivuncy henceforth used in this 
book will always mean f/ross* eiliciency unless otherwise stated. 
The complex intluences that affect its numerical value are 
explained in Chapters XI 1 1 to XVI. 

Chart III, facing page 480, will assist in guing approximate 
values of power, efficiency, etc., if the neciessary data are 
available. 

Static Effici(ncy. Tn a pumping installation designed to 
raise Avatc^r through a dead head II g, it will be seen from 
Figs. 108 to 110 that the actual energy to be impressed on 
the ]i(][uid may depend materially upon the design of the inlet 
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and outlet passages. In other words, the useful W.H.P. output 
of the installation as a whole, as distinct from the pump alone, 
WII 

can be expressed by : — - (in foot units). The corresponding 


value of the efficiency, viz. 


(Pr//J/550 . . 

— ^ IS sometimes known as 

S.M.P. 


the static efficiency of the installation. 
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166. Types and Conditions of Tests. In general, roto- 
dynami(i pum])s may re(|uire to l>e tested {^) in one or other of 
tlireo sets of conditions, viz. : — 

Routine works tests. 

Aoeeptanee tests, eitluM* at works or on site. 

Special tests. 

If the ])urchas(‘‘r's re]>reseutative is ])resent at a works test, 
then tlie trial may also s(*rve as an acce])tance test. Pumps 
that are too big to be run at the works testing plant must 
necessarily be tested on site, after erection. In any event the 
o])servatio]is ixnpiired are those of (i) S})eed, (ii) Suction and 
delivery head, (hi) Discharge, (iv) JV>wer input. From the 
test figures, \ allies of eflecdhe head, power output and gross 
effi(*iency can lie c()ni])uted, as delined in §§ Hill to 105. As in 
any other Tunning test, the attendants or officials conducting 
the trial must verify that tlie maclhne J*uns smoothly, quietly, 
witlunit o\ ei’heating, and so on. 

It will b(^ convimient to enumerate first the various ty|X"s of 
measuring a])])lian<*<'s that may be found suitable, and then to 
examine layouts of com})lete testing equijiments a})])ropriate 
to different circumstances. Ikdails of the construction and 
use of the measuring gear will lie found in sjieeialised publica- 
tions (^). 

167, Measurement of Speed. Although a revolution 
counter, in conjunction witli a stop-watch, will usually give a 

199 



§168 ROTODYNAMIC PUMPS 

more reliable indication of rotational speed than a tachometer, 
yet a tachometer may often be essential in order to verify that 
the speed is held constant during the test run. If a tachometer 
only is used, it should be accurately calibrated. In electric 
tachometers, the indicating instrument is in effect a voltmetiT 
actuated by the current generated by a small dynamo coupled 
to the pump shaft. They have the advantage lliat the in- 
dicating dial — which is graduated in terms of rotational speed 
— can be mounted on the instrument ])anel wliich serves for the 
entire pumping installation. The outfit needs special calibra- 
tion if used for precise testing. 

If the pumping set under test includes a synchronous motor 
taking its supply from a frequency-controlled network, then a 
very accurate knowledge of the shaft spec^d may be aA ailable. 

168. Measurement of Head or Pressure, (i) Direct 
Observation of the Free Water Surface, The water hwel is read 
from fixed graduated scales mounted in tlie suction or delivery 
chambers. Naturally it is only possible to take both readings 
in this way if the static liead is lelativfdy low', or if there is 
accurate information about the vertical distance betwx^en the 
zeros of the scales. 

(ii) Open Water Cohnnns. Here the levcds of the fre^e liquid 
surfaces are read from graduated glass gauge tubes. If the 
glass gauge tubes are connected direct to the suction and de- 
livery branches of the ])um]), free surfaces are unnecessai'y. 

(hi) Float-gauges, The floats may ride either on the water 
surfaces in the suction and delivery cliambers, or they may 
work in special vertical cylindrical gauge-w'ells communicating 
with the chambers. 

(iv) Mercury Columns. When the heads to be measured 
exceed 10 ft. or so, water columns may be inconveniently liigh. 
Mercury manometers are suitable for heads up to 50 ft. or more, 
and they can be read with great accuracy. 

(v) Differential Mercury U-tube. If one leg of the U-tube 
is connected to the pump suction branch, and the other leg to 
the delivery branch, then tlie gauge giv'(\s a direct indicjation 
of the manometric head on the pump, § 1 70 (ii). 

(vi) Spring-loaded Gaugis, This general term covers such 
instruments as Bourdon, diaphragm, and bel low's gauges, in 
which the applied pressure causes an elastic metallic olomont to 
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yield, the deflection being magnified and indicated by a pointer 
moving over a scale graduated in terms of head or pressure. 
They are the commonest and often the most acceptable devices 
for pressure measurement — either positive or negative ; but 
unless they are carefully handled and frequently calibrated, 
their indications are apt to be unreliable. 

(vii) Power -ope rated Pressure-measuring Machines, These 
instruments have recently been developed for the most precise 
indication of higli pr(\ssures — say from a few hundred to several 
tliousand pounds per square inch. Based on the principle of 
the dead-weight gauge tester, they are elaborate and costly in 
construction, and are likely to be chosen only when pumps of 
the highest efliciency are to be tested in research institutes (^). 

169. Measurement of Discharge. (i) Absolute Methods. 
Here the licpiid is collected in measuring tanks or receptacles of 
known capacity, during a measured j)eriod of time. The quan- 
tity collected during tlie run is found either by weighing the 
tank and contents, or l)y observing the change in surface level. 
As no otlier measurements are involved other than those of 
time and either hmgth or weight, a})solute methods are the 
most 7‘(diabl(‘ of all t 3 q)es of discharge gaugings. They should 
invariably be used, if by any means possible, for controlling 
the results of indirect gauging methods. 

(li) Free-flow Methods. The liquid discharged from the 
pum]3 flows fi’eely and continuously through a gauging orifice 
or over a gauging W('ir. The rate of flow is computed from 
observations of the liead over the orifice or weir. A number of 
orifices may work in paralhd, and two or more weirs may work 
side by side. For small discharges, the triangular weir is pre- 
ferable ; for larger flows, the suj)pressed rectangular weir will 
serve. 

(iii) Metirs in Clos(d Pi2)es. (a) ‘‘Quantity” or total-flow 
meters when iuter])osed in the pumj) deliver}" pipe indicate the 
total weight or \olume of liquid pumped, during the interval 
betw"een two successive readings of the dials. By dividing this 
(quantity by the mc^asured time interval, the desired mean rate 
of discharge is hnind. The helical type of inferential meter, 
suitable for pipes from about 3- to 12-in. diameter, may give 
sufficiently accurate results for routine tests, especially if 
regularly calibrated. 

7 * 
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(6) Rate-oJ-flow meters indicate the instantaneous discharge, 
without the need for observations of time. What is actually 
observed is the differential head generated as the liquid flows 
through a constriction in the pipe. The metering outfit thus 
comprises two main elements, (i) the primaiy element or con- 
striction which is actually interpolated in th(‘ pump delivery 
pipe, and (ii) the differential-head gauge which indicates pressure 
differences. Types of constriction or primary element usually 
chosen are the Venturi tube, the orifice, and the flow-nozzle. 

(iv) Special Methods. When very largo pumps must be 
tested on site, a special technique may be required for gauging 
the discharge. Multiple current-meters, either in the delivery 
pipe or in an open delivery outlet channel, arc sonu^times suit- 
able ; alternatively, the Pitot-tube or the l^itot -sphere may be 
preferred. 

170. Measurement of Power Input, (i) Torsion Dynamo- 
meter. This instrument is particularly suitable for the condi- 
tions of high speed and uniform torque that characterise most 
rotodynamic pumps of small and medium size. It is interpos(‘d 
axially between the driving motor and the p ump sli aft . Tlu‘ actual 
torque is transmitted from tlie one shaft to the otJier through 
a rod of tempered steel that is so tliin that it twists appreciably ; 
the angle of twist is direc'tly observed by an optical device, and 
the corresponding value of the torque is read from a calibration 
chart. As the shaft spec‘d has meantime Ikx^u observiMl, the 
power input to the pump can at once be computed. The diam- 
eter of the elastic steid transmission element is chosen to suit 
the expected value of the torque, and as the calibration curve 
for each of the elements can be checked by a dead-weight 
method, the overall error can be kept well within | J jior cent. 

(ii) Swinging-yoke Motor. Here the electric driving motor 
is direct-coupled to the pumj) shaft, but the motor is of sjiecial 
construction, liaving its yoke or frame mounted on ball Ix^arings 
co-axial with the shaft bearings. As soon as the motor is 
energised, the frame tends to revolve in a direction contrary 
to that of the armature or rotor ; and this tendency is neutia- 
lised by a jockey weight that can slide along a horizontal arm 
projecting from the frame. When the set is lainning steadily, 
the weight is adjusted by hand until the torque-arm takes up 
its zero position. From the known mass of the jockey -weight, 
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and its position on the arm, the torque can be directly worked 
out, and, in turn, the power transmitted is found. Limit-stops, 
and possibly an adjustable dashpot, control the movements of 
the motor frame. Here again is a method which is subject 
only to errors that can either be measured or closely estimated. 

(iii) Inferential Methods. The power transmitted from an 
electric motor to the pump it is driving can be estimated from 
the instruments that measure the electric supply to the motor. 
The estimate will be accepted with greater confidence if a brake 
test of the motor has been made, so that known voltmeter and 
ammeter readings correspond to a measured B.H.P. motor 
output. For very large motors that cannot be tested in this 
way, the calculations of the motor designers must be used to 
inter])ret the electrical readings. 

If a steam-turbine or an oil-engine drives the pump, evi- 
dently it will not be easy to assess the true H.P. fed to the 
pump shaft. 

Planning the Works Testing Plant 

171. Guiding Considerations. The essentials of the plant 
are the pumps themselves and the measuring apparatus ; but 
befor(‘ tlie tests can be carried out, a supply of liquid and a supply 
of ])ower must be provided. If the liquid is cold water at atmo- 
spheric tenqx^rature, there would seem to be little difficulty 
here. Yet as the size of the pump increases, so also does the 
problem increase of eontri\ing large enough reservoirs that are 
not prohibitively costly. On the other hand, attempts to re- 
strict the size of the pipes and tanks may falsify the test results 
by imposing unfiivourable inlet conditions on the pump. If the 
pump is to be k^sted with hot water or hot oil, then it is still 
less practicable to circulate \ery large quantities of liquid. 

The arrangements for power supply may have to be quite 
comprehensive. If the pump only is to be tested, then one or 
other of the test-bed electric motors will serve. But the cus- 
tomer may require a running test of the complete pumping set, 
and since the motive unit may be an electric motor, an oil 
engine, or a steam turbine, therefore electric current of various 
t5rp(\s should be on tap, and there should be a high-pressure 
steam boiler. 
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The cost of running the tests can by no means be neglected. 
Centrifugal pumps of small and medium size are built for sale 
in so highly competitive a market that unnecessary expense in 
testing is just as inadmissible as it is in machining, assemblhig 
or despatching the pump. With larger units, the cost of tlie 
power absorbed in protracted tests may be sufficiently serious 
as to encourage otlier means of collecting the desired informa- 
tion, § 183. 

Fortunately there is little difficulty in simulating on tlie 
test-bed tlie conditions of working pressure the pump v^ill have 
to meet. A partiallj^-closed throttle-valve in the delivery pipe 
will generate any stipulated head-droj) ; nor is the jjiimp able 
in the slightest degree to discriminate between such an artificial 
head and the dead head that may be impos('d upon it aft(T 

installation. Altliough a 
standard sluico-val\r(' usually 
suffices, it is worth remem- 
bering that in tests of 
h igh - ca ] )a (‘i t y , h igl i -pressun^ 
punips, energy is dissipated 
in the valve at the rate of 
several hundred hors('- 
pow er. Thrott le-\ alv(\s of 
special design ma> here be 
necessary. 

On the inlet side of the 
pump, throttling is less satis- 
factory as a means of creating an artificial siudion h(‘ad, but 
it is not difficult to contrive alternative methods, § 175. 

172. Open-circuit System with Measuring-tank. The 
term open-circuit ” her<‘ implies that the li(i[ui(l both on the 
suction and delivery side is contained in chambers or rtvservoirs 
having a free surface exposed to the atmospliere. The suction 
container may be a large underground tank serving a number 
of pumps simultaneously. Fig. 1 1 1 indicates the simplest pos- 
sible layout. The pump, bolted to the test-plate which forms 
the cover of the underground reservoir, draws water through a 
short suction pipe, and discharges it through the throttle-valve 
and so to a swivelling elbow which directs the flow either into 
the measuring tank or to waste. The quantity of watcT in the 
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tank is sliown by a glass gauge-tube. A conical outlet-pipe or 
draft-tube, provided with a stream-lined valve, permits the 
tank to bo (quickly emptied ; baffles ensure that the pump 
draws from reasonably still water. A tank mounted on a 
weighing machine would be just as satisfactory as the volu- 
me' trie tank shown in the sketch. 

An en'or that may or may not be negligible results from the 
fall in level in the suction reservoir as the measuring tank fills. 
Undoubtedly if tiie i)ump speed and the throttle-valve setting 
are held steady during tlie run, as they should be, the variation 
in suction lift will alter tlie total effe(‘tive head on the pump, and 
the discharge will be eorres])ondingly affected. In the case of 
(a) an underground tank of very large surface area, (b) a high 
delivery head, say of several hundreds of feet, then it is possible 
that th(‘ alteration in suction level may legitimately be dis- 
i-egarchnl. But it cotild certainly not be disregarded if there 
were a Il-ft. drop in level and a total head of (say) only 30 ft. 
One way out of the difficulty is this : instantaneous readings of 
suction and delivery lu'ad are taken exactly half-way through 
the run, i e., at the middle point of the period in which the 
measuring tank is being tilled. The assumption would tJien 
be that the ])um]) discharge, which in fact is continuously 
diminishing throughout the t^'st run, attains its mean value 
half-way through tlu^ run. It is by no means certain tliat such 
an assumption would b(' justified. 

Anothf'r method, which now really ensures uniformity of 
discliai-ge, is to station an attendant at the throttle valve, with 
orders to regulate it so as to keep tlu* observed manometric 
head constant. In other words, as the suction head increases, 
the (h'livery heiul is reduccnl correspondingly. Probably the 
back -lash ine\ital)le in a normal sluice-valve would make the 
regulation rather difficult ; but if the adjustment were made by 
using a small ncvdle- or globe-valve set in a by-pass circuit, in 
parallel with the main throttle- valve, then the desii'cd sensitivity 
should be attainable. 

173. Other Measuring-tank Systems. If the suction 
level (*ould aitificially be held steady while the measuring-tank 
were being filled, then all the uncertainties just pointed out 
could be swept away. A method of doing so is proposed 
in Fig. 112 (i). Here the pump and the test tanks form a 
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self-contained system, set above ground level. There are twin 
measuring tanks, separated by a smaller suction tank. Twin 
valves mounted on a horizontal spindle and worked by an 
externa] lever direct water from either of the main tanks into 
the central compartment, from which it flows into the suction 
pipe and so to the pump. A swivelling elbow or the lik(^ fitting 
switches the water from the delivery pipe into the a])propriate 
measuring tank. The flow into the central or suction eom])ai-t- 
ment is controlled by a float -operated buttei^fly valve, so dis- 
posed that the water level in this compartment never varies by 



Fia. 112. — Systems loi stiihilisiiig suction lioad on puin]) undoi ti'sl. 

more than an inch or so. Whatever happens, then, the con- 
ditions on the suction side of the puni]) remain virtually in- 
variable, and therefore if the pump speed and the throttk^-\ alve 
setting are left unaltered, the pump discharge cannot vary. 

As the system has been found to work very well with water, 
it may also be recommended for small amounts of other licjuids, 
e.g. oil. The inset diagram, Fig. 112 (ii), shows how almost 
the same results might be attained when the iiump drav^s from 
a communal underground reservoir. The twin measuring tanl^s 
are mounted as high as possible above the lower tank, and they 
are emptied into an intermediate receptacle from which a drain 
pipe returns the water to the lower reservoir. A throttle-valve 
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in the drain-pipe is adjusted so that the level in the inter- 
mediate tank fluctuates between the full and empty marks. 
Then so long as th(* pump discharge keeps steady, the return 
flow back into the lower reservoir will vary through so small a 
range as almost to damp out changes in the suction head on 
the pump. The greater the surface area of the intermediate 
tank, the less will be the fluctuation of level. 

Any system of twin calibrated tanks — Fig. 112 (i), (ii) — has 
this weighty recoTiimcndation : it permits continuous flow 
moasurcTiioiit to bo carried on. ^ ^ Cylindrical 
While one of tlie tanksis being J B affle 

filled by the pump, its fellow | j 

is being drained. "“j (o(^o) 

174. Flow Measure- 

ment with Orifices, 

Weirs, and Meters. Meas- — — 

uring-tanks undoubtedly pro- n 

\ ide the most reliable method Bafffes % 

of gauging the discharge of \^ J 

])umps. But the ajiparalus (U) 

is cumbersome, the tests take ^ i 

a relativity long time to carry ^ 

through, and there may bo n 

practical complications of the 

sort just described. For (tj M^eters 

many ])urj)os(\s tlu‘ desired in- Auxtfianif" “ 

formation can be found with — n ' ^ 

_ 

sufficient accuiacv bv the use i,., « , 

r H. I l.> l so of omIko'^, \\< irs, aiul 

of orifices. Avoirs, or meters, loo^i js tor flow moasurornont. 

§ IfiO. The diagrams in Fig. T throttle \al\o , l.\ . 

]l:{ show t.vpical layouts. .solat.np ^al^. ) 

Special considt'rafion must often be given to the question 
of gauging small flows. Both with the orifice, diagram 
(i), and tlu^ constriction meter, (hi), the head to be measured 
(which is of courst^ entirely distinct from the head generated 
by th( pnmj) on te.^f) Aniries as the square of the discharge, 
with the result that tlie head corrt*sponding to 10 per cent, dis- 
charge is only 1 per ciMit of the head corresponding to full dis- 
charge. Tt is im})ossi])le to measure aceiirately so small a head. 
The difficulty can be evaded by using multiple measuring 
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devices. Thus the circular orifice tank, Fig. 113 (i), has in its 
base a number of gauging orifices, of which only one would bo 
used for small flows — ^the others being suitably blanked off 
— while all the orifices would be opened for maximum flow. 
In Fig. 113 (iii), a large and a small Venturi meter are set in 
parallel, and they can be used singly or in combination. Al- 
though weir characteristics are more favourable in this r(\spect, 
it may be nevertheless convenient to use, for example, a rect- 
angular and a triangular weir in i)arallel. 

The constriction meter, diagiam (iii), has a unicjue advan- 
tage : it responds nearly instantly to changes in discharge, and 
thus there is no need to wait after any adjust numl before taking 
a reading. If it is desired to run the pump at a stipulated 
discharge, the throttle- valve can be manipulated to bring the 
indicating column straight away to the corres]K)nding gradua- 
tion. This rapidity of response permits the ])oints on a cliar- 
acteristic curve, § 212, to be established within the s])a(*e of a 
few minutes only. On the other hand, the orifice tank or th(‘ 
gauging weir, Figs. 113 (i) and (ii) may be subject to a con- 
siderable time lag. The only way of making sure that tJie watei* 
levels have taken up their new positions after* changes of flov\' 
is to take two readings in succession and verify that they are 
identical. Moreover, variations in the level of the main iiivder- 
ground reservoir— such as might occur when this res(*r\oir 
serves a number of pumps simultaneously— will affect th(‘ Irc^ad 
generated by tlie pumj) when systems (i) and (ii) are used, 
possibly necessitating slight regulatioJi of the throttle v al\ e, 
§ 172 ; but system (iii) will remain unaffected. TJie additional 
valve seen in the outlet pipe in diagram (iii) can be i*(gulat(Hl. 
if desired, to ensure that nowhere in th(‘ metering systcun is tlieix' 
a negative head. 

175. Closed-circuit Systems. These may be necessary 
when the test conditions enforce the use of the minimum (quan- 
tity of li(quid relative to the size of the ])ump. Such conditions 
evidently arise when the pump approaclu's the limiting siz(‘ 
that can possibly be given a works test at all, or when the li(|uid 
to be liandled is hot water or oil or other non-acqiK^ous substance. 
The licquid is now circulated through a closed system hav ing only 
one container, and probably the fix^e surface i\\ this vessel may 
not be exposed to the atmosphere. 
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A good example of a test rig (*) for a large low-lift pump of 
1 eu. m./sec. capacity (13,000 gall./min.) is illustrated in Pig. 114. 
It embodies a sharp-edged measuring orifice, and straightening- 
vanes for rectifying Ihe flow before the water reaches the orifice. 
Tlie throttle-valve is necessarily set on the downstream side 



of the constriction. For measuring the iK^wer inj)ut a torsion 
dynamometer w'as used, § 170. 

Fig 115 (i) suggests a test circuit for a multi-stage boiler- 
feed ])unj]). The positiv^e inlet head under which such pumps 
often have to operate can l)e simulated by forcing air into the 
closed drum ; and tlu^ desireil water temperature is attained by 
injecting steam into the li(iuid. As an unvarying weight of 
licpiid continuously circulates, the changes in the deli\ery head 



I IT) (’loM(l(inuil s\s1(ins ior ust‘ with (i) high IkvuK, 

(ii) high siH tioii lu ails. 


induced by throttling have no effect on the suction head. By 
draining off tlie water and replacing it by oil of the stipulated 
consistency, the test rig becomes siiitable for oil pumps. 

Pum])s designed for specially high suction lifts should pre- 
ferably have a shop test under thovse identical conditions. As 
a throttle-valve on the suction pipe itself would unfairly disturb 
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the inJet conditions, and as the suction head so established 
would be at the mercy of every alteration of discharge, the 
receptacle of the closed-circuit system might now be set on the 
suction side of the pump. Fig. 115 (ii). An air exhausting pump 
conne(*ted to the drum could maintain the pre-determinod 
vacuum, which liere also would be quite iinalfected by manipula- 
tion of the main d<‘livery tlirottle-valve. To remove tlie danger 
of air leaks into the suction side of the system, tlie drum and 
adjoining ])ipc-work might be entirely immersed in a larger 
reservoir of water. 

In all closed-circuit systems, most of th(‘ cneigy-input to the 
pump is ultimately dissipated in heating up the licjuid. To 
prevejit excessive ri^e ^)f temperature, tlurcdbre, (‘ooling coils 
or th(‘ like may be (‘ssential. 

176. Some Practical Details, (i) Location of Prcs.^urc- 
tappings. As there must ine\itably be some amount of un- 
certainty in assessijig the total energy received by tlu^ li(|uid in 
passing through the pump, § IhO, it is manifestly desirabh' to 
limit this chance of (‘rror in all possible ways. (h)od judgment 
in choosuig the points of pressure-measurement is one of the 
best methods of insurance. Another is to give the liijuid a 
fair chance at inlet and outlet ; straight lengtJis of ])ipe should 
be interposed here, unless there are unfavourable conditions 
on the site which must be rejiroduced. Examples of liad and 
good practi(‘(' are illustrated in Fig IK) (i) and (ii). Tajipings 
located on pi]K‘-bends inevitably falsify the gaug(' readings, if 
boss(\s are cast on the suction and (k'livcry tlang(‘s th('mselves, 
then these can be ta])])cd directly for th(' small -jiipes l<‘ading to 
the gauges. It is especially in low'-lift punq^s of high s])ecific 
speed that flow conditions across the outlet flange* ma}' \ary 
widely (^), and the v^ariation may be more* than ev'^iT acute at 
reduced rates of discharge, § 207. Multiple ta])])ings eejually 
spaced around the peTiphery of the outlet flange, forming a cir- 
cumferential manifold pipe, may then be adv isable. Fig. J K> (iii). 

(ii) Location of Pressure Gauges. Fig. 109, § 162, clearly 
showed how the estimation of the effective head de])ends upon 
the position of the gauges themselves. If only the total mano- 
metric head H is to be measured on the k\st-bed, and if its 
value is not too great (say less than 50 ft.), then it can be read 
directly by a U-tube mercury gauge, § 168, connected across the 
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pump, Fig. 116 (iv). In this event the position of the gauge is 
immaterial. This particular diagram may remind the electrical 
engineer of the way he measures electrical pressure-differences 
by a voltmeter coupled across the terminals of his machine, 
while his own ammeter set in series corresponds to the hydraulic 
flow-meter. 

When individual single-column mercury gauges are specified 
for measuring the suction and delivery heads, it may be worth 
while mounting them so that the mercury level in the containers 
can be brought exactly into the plane of the pumj) axis, 
Fig. 116 (v). Then the readings on suitable scales will give 



at once the desired standardised suction, or delivcTy mano- 
nietric Jiead, and relative to the pump datum plane, 
§ 163. 

(iii) Baffles, Air Exchision, etc. As the pump and pipes grow 
bigger in relation to the size of the tanks and reservoirs, it 
b(M‘omes coiTes])on(iingly important to baffle the flow at tlie 
a})pro])riate points. On the suction side of the circuit, judici- 
ously placed gi’ids of wood or screens of perforated metal will 
damp out major eddies before the liquid actually reaches the 
inlet pipe ; on the delivery side, honeycombs or straightening 
vanes. Figs. 114, 115, will give the constriction flow-mett^r a 
fair chance of doing its work properly. 
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Test-bed operators of all people do not lu^ed to be told about 
the troubles that air bubbles in a pump circuit can induce. If, 
therefore, a test rig involves a stream of li(juid s})lashing freely 
from the delivery pi])e back into the underground suc'tion re- 
servoir, thej^ will take very good care to prevent the Resulting 
bubbles from drifting across into tlie pump su(*tion l)ipe. It 
may happen that the only effective safeguard is to suppress 
the splashing by cariying the return pipe b('lo\v the level of the 
suction reservoir, Fig. 1 J3 (iii). 

Other possible points of ingress for air bubbles are the 
vortices that may form around the month of tlie suction 
pipe. The remedy is clear : the pipe entry must be deeply 
submerged. 

177. Organisation of a Test Plant. The first thing the 
superintendent of a ])roje(‘te(l test ])]ant will want fo know is 
the size and output of the ])um])s to b<^ tested. Small and 
medium sizes can all be given a routine test, but it will be well 
to keej) an eye on the -[mssibility of stretching the accommoda- 
tion in an emergency to receive' a big pump as well. The founda- 
tion of the plant is the most capacious possible^ jneasuring basin 
that the allotted s])ace or the allotted funds will allow . If it is 
made completely w^ater -tight, if necessary even by in’oviding 
a continuous unbroken welded sheet-steel lining ; and if all 
inlet and outlet ])ipes can on occasion be comi)let('ly discon- 
nected ; then tedious and uncertain leakage corrections can be 
eliminated. Furthermore, if the w'alls are built scpiare and 
plumb, the tank capacity can be established by dirert measure- 
ment. As all drain o])enings are forbiddmi, th(‘ tank must be 
emptied by a service puni]) drawing fiom a sum]) : a single- 
stage borehole ty|ie ])ump is often suitable. Mormally the 
basin may serve as the common suction tank for routine 
tests ; on special occ*asions routine testing is suspended and 
the basin is used either for calibrating the test-bed flow^-meters 
or gauging weirs, or else as a measuring tank for t(‘sting outsize 
pumps. 

Pumps that fall within the ordinary capacity of the t casting 
equipment will be of two sorts : eitlier they will be machines 
in current ])rod notion intendc^d directly for sale or stock, or 
they will be new or experimental designs. Thc^ first category, 
as already suggested in § 171, must be studied in the same frame 
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of mind as the machine-shop superintendent’s when he checks 
the floor to floor time of the pump casing on the boring-mill. 
It may even be worth while to contrive quick -release clamps 
and fixtures for mounting the pump in the test rig. On the 
other hand it would be poor economy to hustle a tentative 
new design of i)uiny) prematurely olF the test-bed. This 
applies especially to the scale-model pumps built solely to 
control the design of tlie actual pump which will itself be far 
outside tjie test plant’s capacity, § 184. Patient testing and 
judicious modification may ht^re prove a highly profitable 
invest ment . 

When gauging- weirs or gauging-orifices are preferred, § 169, 
a question to be scuttled is this : is it better to use fixed gauging 
tanlis, wliieli may involve concrete cjiannels or the like, and 
to t)ring I he })ump to the tank ; or would it be more convenient 
to make portable sheet-metal tanks wliich the crane can set 
down alongside the pump ? It is true that after eacli transfer 
the ])ortal)le gauging tank may have to be accurately levelled, 
but on the otJier Jiand the tank can very easily bo brought up 
to the main calibration l)asin. As for the gauging tackle for 
pressure and liead, ])ort ability is never a disadvantage here. 
Mercury or wat(T columns especially can be set up against a 
stoutly-built stand, vsome of tlie gauge tubes serving for mano- 
metric head and othfu’s perhaps for the secondary element of 
the constriction ty])e of flow-meter. If tlie stand is brought 
near to the tlirottle-vaUe and the s])eed -control mechanism, the 
attendant should teel very much in command of the test. 

Means for ])riming the pumps with ease and certainty should 
be thought out, § 292 ; and the unexpected talent of works 
testing tanks for collecting rubbish —wood, cotton- waste, etc. 
—must not be overlooked. Water continuously circulated 
soon gi’ows foul, and moreover the gi’ease it carries with it 
might sensibly falsify the indications of gauging weirs unless 
these are regularly cleaned with petrol. 

One remaining matter is the layout of the log-sheets on 
which observations are entered during the test, and of the final 
forms recording the ])ump's ])erformance suitable for filing or 
for handing to the client. Linked herewith is the provision of 
all needful help — tables, charts, etc. — for the computing staff. 

(Example 22) 
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Tests on Site 


178. Some Comparisons. There may be at least two 
reasons for carrying out running tests on a pump after it has 
been erected on site, (i) Acceptance tests may be essential 
because the pump was too big or was otherwise unsuitable for 
the shop testing-plant, (ii) In the course of the normal 0 })era- 
tion of the pump, periodical checks on its j)erformance will 
show when overhauls and possibly repairs or complete replace- 
ments are indicated, and these tests may thus avert excessive 
power costs resulting from impaired efficiency. Under the best 
conditions, testing the complete pumping installation when 
finally assembled will appear relatively easy. The installation 
will include pressure-gauges for suction and delivery branches, 
control valves in plenty, and permanent Venturi meters or the 
like for measuring flow, § 295. On the other hand, tlie facilities 
for calibrating the instruments on the spot may be absent, it v ill 
almost (*ertainly b(' impossible to measure directly the power 
input to the pump, and it is im])robable that tlio engineers in 
cliarge will be able to establish pre-de*termined heads and rates 
of flow. For example, a borehole ])ump will ha\e to work 
against the head as fixed by the prevailing underground water 
conditions ; a low-lift irrigation pump will have its suction lift 
settled by the momentary level of the river from whicli it 
draws. Service conditions in the system as a whole may pro- 
hibit a long unbroken test run at a fixed rate of discharge'. 

Under the worst conditions there may be no permaiwmt 
measuring gear of any kind. Instruments of every sort must 
either be brought to the site or improvised tluTO. Intermediate 
in character are those tests of very large pump^ that are ])ro- 
vided with water-level or ])ressure gaug(‘s, but have no flov- 
measuring equipment. 

Typical of the most favoured acceptaiuv tests an' those 
organised at an important new w'aterworks pumj)ing plant. No 
thought or time or labour lias been spared to ensure an installa- 
tion of first-class quality in every way. The ])umj)s have 
already been run in, and nursed through sucli initial troubles 
as are lik^'ly to occur. An array of te<*hnical talent will w^atch 
over the actual trials, where one may expect to see contractors’ 
representatives in company witli the engiiu'or who has designed 
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the plant and who will be responsible for its operation. The 
assembly should be in little need of outside advice. 

179. Flow-measurement on Site. When there is no 
permanent metering system it is again possible to differentiate 
between two possibilities, 'l^'lie mere absence of equipment 
may suggest that the plant is itself inexpensive or relatively 
unimportant, from which it follows that only an inconsiderable 
sum of money w^ill be available for making tests. But expense 
nevd be studied less rigorously when making trials of the pumps 
destined for graving-docks, oi for irrigation, drainage, or 
hydraulic-storage installations. Here tlie discharge per unit 
may amount to 10 tons of water ]3er second, and the power 
input may an;yi;hing from 500 h.p. to 10,000 or even 
50,000 h.p. 

If the pumj) output is small tluTe may at least be a chance 
that a temporary measuring basin can be contrived ; thus, a 
short length of canal might be dammed off, or some old boiler 
or disused tank ])ressed into service. For continuous flow- 
measurement, two new methods have lately been developed, 
the pipe-bend meter (^) and the suction-pipe meter (^), whose 
cost is almost lU'gligible. 

Among large-ca])acity installations, dock-pumps and hy- 
draulie-st()rag(‘ piimi)s are \ery fortunately situated. The 
graving-dock itself, or tjie accumulating basins of the storage 
system, should serv(* as excellent volumetric measuring tanlcs, 
although it is true that the tests must be run under those con- 
ditions of variable head that were mentioned in § 172. For 
other low-lift pumps there is a possibility of rigging uj) a tem- 
l)orary w(*ir, but it may be diflieult to ensure those standardised 
flow conditions which alone make the weir gaugings a(*ceptable. 
The instruments that remain are the Pitot-tube or its fellow, 
the Pitot vS])h(*re ; and the current meter. Pitot -type instru- 
ments must almost necessarily be used in (‘losed i>ipes, for only 
therc^ is the velocity likely to be high enough to generate a 
differential head that can accurately be measured. Current- 
meters, at least of the ])ro])eller tyj>e, have been successfully 
used in the pump suction l>ipe, or the pump delivery pipe, or 
in the open channels that lead the water to or from the pump. 
The system of multi])le meters developed for hydraulic turbine 
tests has also given good results in pumj) tests. 
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I^uMP Faults and their Correction 

180. Some Possible Faults. Defects that may bo re- 
vealed during any type of test, or after the t(\si results have been 
analysed, may include : — 

(i) Pump runs hot or nms noisily. 

(ii) Pump geueratt's incorrect head when delivering stipu- 
lated discharge at stipulated speed. 

(hi) Pump absorbs excessive power. 

Faulty Uunning. Overheated glamh may be due to uneven 
or excessive tightening of the gland nuts. Overheated hmrivgs 
may result from such obvious causes as mis-alignment, dis- 
tortion of frame, etc., or else from some internal hydraulic 
irregularity, e.g., partial choking of one eye of a double-inlet 
impeller, § 76. Vibration arid noise may be caused by imperfect 
mechanical balance of the rotating ])arts, or by cavitation le- 
sulting from excessi\e suction lift, or by unsuitable blade design, 
or by lack of stiffness in general construction. 

Incorrect Head, Ex(*esshe suction lift, poor axial location 
of the impeller on its shaft, or pai"tially-chok(‘(l rotor or diffuser 
])assages may likewise prevent the pump from generating its 
designed head. It is not inconceivable that the imp(‘llcr niigjit 
have been mounted wrong way round on the shaft. 

Excessive Power Consumption. If this is not accom])anied 
by excessive head, it may be due to abnormal internal fri(*tion. 
For example, the sealing-ring clearance, § 811, may hav^e been 
cut too fine, resulting in actual metallic contact between fixed 
and moving parts. In a multi-stage pum]) with balancing disc, 
§ 124, partial choking of the balance-water drain may make the 
system inoperative, and again there will be metallic rubbing 
contact. In any event heat and noise and vibration and ex- 
cessive energy loss usually go together. 

181. Possibilities of Correction. By cliecking and cor- 
recting the instruments of the test-plant ; by draining, st ripjiing, 
and correctly re-asscmbhiig the pum]) ; it may b(' ])ossjble to 
record acceptable test figures when the pump is again ])ut on the 
test-bed. But if the behaviour is still not uj) to standaid, there 
is only one main t}/pe of defect that can be remedi(*d without 
making new components. If the head generatc^d is too high , then 
the impeller blade tips can be turned down slightly in the lathe, 
Fig. 117. The corrected diameter can be roughly com puted thus:-— 
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If ~ speciiBed head, 

H^t =“ observed head on test, 

dgt diameter of impeller on first test, 

■= desired corrected diameter. 

Then rfa 

The impeller shroudfi or discs should not be touclied : the 
original diameter should be left undisturbed. This procedure 
is so simple and effective that it is a common workshop custom. 

A still simpler modification is this : the blade tips can be 
filed to a taper form, thus slightly r(‘- 
diiciiig the (effective outlet angle, and 
therefore lowcTing the head. 

Screw-type I'otors are not amenable 
to eith(‘"^ of tliese t 57 )es of corrections ; 
but axial-flow pumps of suitable types 
may be r(‘gulated by adjusting the blade 
angles, Fig. 103. 

ypEc^iAL Tests 

182. Purpose of Special Tests. 

One might describe as “ special ” any 
typ(‘ of exj)erinieutal investigation other than routine testing 
of a })um]) destined for sale or stock or actually installed on 
site. Sucli spe(‘ial tests may include : — 

(i) An actual j)ump intended for service may be tested 
with air as the working fluid, instead of with water or 
other liquid. 

(ii) Specially-built sc*ale model ])um])s may be tested either 
with licpiid or with air, in order to ])redict the perform- 
ance of the full-size prototyi)e. 

(iii) On full-size or on model pumps, measurements and 
observations of various kinds may be made with the 
object of studying internal flow conditions ; these are 
additional to the basic measurements of head, discharge, 
])Ower, and s])e(Ml. 

183. Testing with Air. As mentioned in §§ 171, 177, there 
are two rcNisons why the testing of large pumps may be ex- 
pensive : both the cost of the special test rig and the cost of 
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the power absorbed during the test may be quite appreciable. 
By using air instead of water, § the wlmle procedure may be 
much simplified and expenditure eorresj)ondingIy reduced. 
But these tests with air are not a complete substitute for the 
normal routine of t(\sting wiili water. They give no reliable 
information about the power eonsum])ti()n of the jmmp during 
working conditions. So the technique- which is still in (‘ourse 
of development— seems to be attractive chiefiy when preliminary 
trials are to run off. After tests with various types of rotor 
have shown which shape gives the desired i*t\sults, then only the 
final confirmatory or acceptance test of the pump Jieed be run 
with water as tlie working fluid. 

The advantage of testing scale models with air is that it 
gives the opportunity of controlling the densit \ of tlu^ working 
fluid and thereby collecting information uhich assists in inter- 
preting tlie results of scale model tests in gcn(‘ral, § 237. 

The test eniaipmerii recpim^d for any kind of air t(\sts at 
atmospheric pressui'c is ]>articularl\ simple. For nu^asuring 
pressure, sensitive water gauges of the type' used for draught 
indication will serve ; or a differential gauge as in Fig. llfi (iv) 
can be contrived. For measuring discharge, standaid tlovv- 
nozzles set in a straight length of delivery ])ipe should give 
good results. 

When testing models with co7Hpress(el air, some kind of 
closed-circuit arrangement on the line's suggested in Figs. 114, 
115 will be necessary. 

184. Scale Model Tests. Here wv return to the more 
common problem of testing scale-niodel ])U!nps witli water or 
other liquid. Although in general routine information (‘oucctu 
ing head, speed, discharge, etc., will serve' ordinary neM'els, we 
have to remember that the observatie)ns must ne)W be' maele' 
with unusual precision. A ge)oel de'al of ])re‘liminary stuely is 
require'el in fixing the sceile^ of the model. Tlie bigger the' 
model, the more reliable will be the obse'rvations maele ui)eni 
it ; but the greater also will be the e*ost of e‘e)nstrue‘tion anel the 
cost of the power consumeei during the tc'sts- nor e*an it be 
forgotten that tlie tests may ])e (|uitx' ])rotracte'd. 

It is particularly in me'asuring the peaccr ivpttl to the' me)elel 
that the test-bed routine must be' scrutinisc'el. What the te'sts 
are designed to show' may be not so much the absolute efliciene'y 
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of tlio model as the small changes in efficiency produced by 
small changes in construction, c.g., variations in rotor shape, 
blade angle, inlet passages, etc. Now in small pumps such as 
the model we arc* talking about, the friction of bearings and 
stuffing-boxes is highly susceptible to what seem to be trifling 
influences. It may be found, for instance, tliat during the 
course of an hour's j un under nominally unchanged conditions, 
the pump (ffiick^ncy lias ajiparently risen by 1 per cent., solely 
due to the natural warming-up of the ring-lubricated bearings 
and the n^sulting dro]) in the \iscosity of the lubricant. At 
least equally serious anomalies might result from inattentive 
tightening of the glands. 

Kesults of tests of model pumps are computed and utilised 
as explained in §§ 224 to 220. 

185. Observations of Internal Flow Conditions. The 

Bibliography at tlie end of the book, p. 481, must serve to show 
what a gnait I'ange of res(‘ar<‘h on this matter has already been 
carried out, Without going into details, one can nevertheless 
discern a few broad lilu^s \rhich in\ estigators have followed, 
e.g. : - 

(i) Instruments such as Pitot tubes or Pitot spheres, in- 
sertxHl through holes drilled at various points in the 
purn]) casing, have revealed the magnitude and direc- 
tion of llie absolute veloeity components at selected 
stations within the pump, § 207 (ii). 

(ii) Lightly pivoted vanes wiih external indicators or 
})ointers liave sliovv’^n v^elocity direction, such as the 
direction of the li({uid leavmig tlie imj)eller. 

(iii) Pixvssm-e gaugtvs ot \ arious kinds liavx" recorded j)ressure 
variations across selected planes. 

(iv ) High fre(iu(‘ncy oscillographs, in conjunction with sensi- 
tive pressinx'-rcsponsiv e ekunents, have rworded more 
rapid pressure^ iluct nations. 

(v) Ex])erimental ])um])s made of transpanuit material or 
provided with observation windows have permitted 
visual inspection of pjienomena v^athin the pump. To 
niak(‘ the licpiid streams visible, injected coloured dyes 
or small floating balls have served. Intermittent illumi- 
nation on the stroboscopic principle has enabled obser- 
vei’s to study the bubbles formed during cavitation. 
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186. The Basic Enquiry. Various paragraphs on pump 
design in Part B of tJie book have presented empirical informa- 
tion which enalfled the efliciency of a selected type of ])ump to 
be predicted. The test-bed figures will show whether or not 
those estimates were warranted. There is no way of escaping 
wholly from this trial-and-crror method ; but the mort^ closely 
the details of pumj) behavioiu- are analysed, the smaller sliould 
be the discrejianey between promise and ])€Tformance. It is 
the purpose of this chapter and the following ones to attempt 
this analysis. 

The test-bed results have proved that energy at a rate 
S.H.P. must be fed into the pump shaft ; yet the liquid only 
receives energy at a rate W.H.P. What has happened to the 
energy that has disa])])cared i That is th(‘ basic question. 
In a general way we can discern four main possibilities of energy 
dissipation : ~ 

(i) Mechanical fiictiou between fixed and rotatmg parts in 
bearings and stulfiug-boxes. 

(ii) Hydraulic friction-- so-called disc friction — between the 
liquid and the external rotating faces of the rotor discs. 

(iii) Wherever there is leakage of liquid, energy will be 
dissipated. 

(iv) The main flow of the liquid through the passages of 
casing and rotor will be subject to hydraulic loss due 
to eddying and friction. 

The input power, the output power, and the power dissipated in 
these various directions may be denoted thus : — 

220 



PERFORMANCE UNDER DESIGN CONDITIONS § 187 

Input or shaft horse-power = S.H.P. == P,. 

Output or water horse-power = W.H.P. — P^. 

(i) Mechanical friction power loss — P^. 

(ii) Disc friction power loss — P^. 

(iii) Leakage, slip, or short-circuit power loss — Pi. 

(iv) Hydraulic power loss - Pj^. 

Gross power loss = P^, -f P^ + P^ + P^ — P^. 

They are suggested symbolical^ in Fig. 1 J 8. 

187. Classification of Power Losses. One system of 
grouping thosc^ losses is into the categories of mechanical and 
hydraulic ; class (i) miglit be termed met'hanical, but all the 
others are in a sense hydraulic. But another system is found 
preferable from the point of view 
of energy ac(*ountancy ; it per- 
mits a clearer and more easily 
understood energy balance sheet 
to be drawn up. The separation 
is on these lines : — 

{a) Losses which affect the 
main liquid stream flowing 
through the pump, viz. P^. 

(b) All other losses, \iz P^, 

P^, Pp A\hose sum can be de- 
noted P 


hdV 



tic, IIS am showing where 

power Is ihssi])ated 


For a given rotational speed, 
category (a) will be directly de- 
pendent upon the rate of flow of 
liquid or the discharge of the pump, while category (b) will be 
sensibly unaflFected by the rate of flow. This distinction will 
be of great utility in the conditions of ^arJing flow studied 
in Chapter XIV. Moreover, the distinction is logically linked 
with the definitions of efticiency framed in Chapter XI. Only 
losses of tjqie (a) can influence the hydraulic efficiency of the 
pump, § 1G4 ; but all the losses might influence the gross 
efficiency, § 165. Although we must recognise that the dis- 
tinction is arbitrary, it is nevertheless effective. 

As for tlie method of presenting information about each 
individual loss, the non-dimensional sj^stem proposed in Chapter 
V will be equally useful here. We may be interested not so 
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much in the absolute value (say) of the power loss, as in the 
relative value : the ratio between the power loss and the gross 
power input P„ viz. PajPg- Convenient symbols arc : — 


Relative mechanical loss — P^/Ps A& 

Relative disc friction loss PajPs A a 

Relative leakage loss — PjjPg - A? 

Relative hydraulic loss — PhjPs Ah 

Relative gross loss PjPs 


Kelati\e loss ^ Aj - A^^, 

Since P „ -- 1\ - F, - F,t - P, - f\ =- /"s - F,, and 

-= FJF„ i? 165. evidently 

rj„t — gross ellicieney — l~A^ . . (13-1) 

In this chapter the general nature of the various losses will 
be examined, and the manner in wlu(‘h the , shape number is 
likely to influence them, ivhni th( pump is lunniug at disigmd 
speid, hi ad, and dischargi. TiOier eliajflers will study the 
efl5ect of change of discharge, change of speed, diauge of liquid, 
change of scale, etc. 

188. Mechanical Friction Loss. TIk^ (‘onqxments of the 
pump that may here be involved are : — 

The external sleeve, ball, or roller journal bearings. 

The internal sleeve bearings. 

The thrust bearing. 

The gland, neck-bush, and pa(»king-iings. 

Now the proportion of the total mechanical loss coiitributed by 
each of these will inanifestlA depend very mucl) uy)on the t3q)e 
and condition of the pump In a propel1(‘r puni]) w(' might 
expect the thrust bearing to absorb a ie]ativ(‘l;v large share* of 
the energy, while in a double-suctio]i split casing centrifugal 
pump in good order the thrust collar vshould have virtually 
nothing to do. In a belt-driven centrifugal ])umy> sucli as in 
Fig. 39 (iii) it might be the journal bearings that are wasteful 
of energy. The most variable item of all is tlu* stuffing-box 
friction : sometimes there may be one stuffing-box, sometimes 
two, and in each box the torque to be overcome will be in- 
fluenced by the type and condition of the packing, the ])ressure 
acting upon it, and the degree of tightening of the gland nuts. 

But whatever may be the combined effect of these factors, 
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the resulting value of the relative friction loss Ad never very 
higli : it may vary between the limits 
A 6 0 0 1 to 0 04. 

It is thus almost invariably smaller than any of the other 
relative losses. 

189. Disc Friction Loss. In 2>rinei])le the parts concerned 
here are all those rotating surfaces of the pump in contact with 
the lic^uid that do not actually take a share in guiding the 
liquid, l^ut as such elements as the shaft make so very small 
a contribution to the total loss, we may disregard them and 
concentrate f)n : - 


Rotor 



Balance 

disc 


nr 1 

nr 

t ' 

1 

li ^ 

1 ; 


J' ro av 


Ol 


The ext(irnal fac(\s of tlu^ rotor discs or shrouds. 

The outer edges of tlie shrouds. 

The edges ol the sealing-rings. 

The whol(‘ surface of the balance-disc, if fitted. 

Th(‘se aie indicat i‘d by 
broken lines in Fig. Ill) (i). 

Evidence on which to 
bas(‘ estinnites of the power 
loss P ^ comes ju’iniarilN' 
from experiments on flat 
discs (‘ach rotating in a con- 
centric casing lilhd vith 
liquid, as in Fig. Ill) (li). 

By nieasiiriug the power 
need(‘d to dii\(‘ I’ound the 
disc in a \ari('ty of condi- 
tions, it appears that this power loss depends upon:-- 
(a) Th(‘ rotational speed in r.p.m., viz. A. 

(h) The disc diameter, do. 

(c) The I'oughiKvss of the sides of the disc and the iimer w'alls 
of the casing. 

((/) The density w and tlie viscosity fx of the liquid. 

(e) The axial cleaiance betwTcn the disc and the casing. 
The variables (u) to (d) are compara))le to or identical witli 
those that inlluence flow through closed conduits. As for (c), 
th(' axial clearance affects the j)ower loss for the following 
reason : we may assume that any element of liquid in contact 
with the revolvmg disc will be dragged round with it, at least 
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for a short distance ; and during tins journey the element will 
necessarily be subjected to centrifugal force. This will induce 
it to slide outwards. Other elements from the main body of 
liquid will flow in to replace the original one, and hence a kind 
of circulation will be set up as indicated in Fig. 119 (ii). In 
other words, frictional impulsion has created on a very small 
scale the pumping effect that the direct tlirust of the impeller 
blades creates on an effective scale. 

We have to regard this secondary circulation as being super- 
imposed upon the tangential motion described in § 74. But it 
seems likely that in the s])ace between disc and casing, the axial 
distance in Fig. 119 (ii) will influence both the radial and the 
tangential \elocity components. If this distance is large, it 
will be easy for relatively large amounts of liquid to become 
involved in the secondary circulation and thereby to steal 
energy from the disc ; but if the distance is small, the energy 
loss should be less. Experiments confirm this : except for 
minor irregularities, the rule is that in comparable conditions 
an increase in the axial clearance 1^ causes an increase in the 
power loss 

190. Estimating the Disc Friction Loss. From an 
analysis of experimental results based on water as the liquid, 
a first approximation to the value of the disc friction loss P ^ 
can be put in the form 



where if is a coefficient having a mean value of about 0*37 
when ^2 is exj)ressed in fed, and expresses the })ow'er dis- 
sipated on both sides of the disc (*). 

A more general ex})ression, having the structure analogous 
to that which serves for flow tormulse in smooth pipes, would 
have the form 


P, K,,, (P„,) . . (13-3) 


where K^fa is a coefficient having an invariable value for 
smooth discs, v^, is the rim velocity, is ^ Reynolds 


number represented by 



and V is the kinematic vis 


cosity of the liquid. 
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Even if an authoritative value for could be established, 
there still remains the task of accounting for : — 

(1) The roughness of the disc and the casing wails. 

(2) The effect of the axial clearance § 189. 

(3) The effect of the diameter ratio dild 2 , § 92. In double- 
inlet impellers the shrouds do not form complete discs but only 
annular surfaces ; and as the diameter ratio dj/dg increases, 
so may the power loss for a given value of dg be expected 
to fall. 

(4) The effect of a tertiary flow on the motion of the liquid 
between discs and casing. Liquid leaking from the recuperator 
back to the impeller eye will still further complicate the motion 
described in § 189. At the moment of leaving the impeller an 
element of such liquid will be moving witJi the full tangential 
velocity and therefore at first it will have small chance of 
abstracting energy from the impeller discs. 

(5) The viscosity of the liquid if laminar conditions prevail. 
Even if the liquid were not so viscous as to modify radically 
the general form of ecpiation (13-3), its viscosity might very 
seriously affe(*t tjie regime in the narrow clearance between the 
fixed and rotating wearing ring^s, § 84. Thus if the labyrinth 
type of seal, Fig. 48 (\ ), had been chosen, and a heavy oil were 
passing tlirough tlie pump, we can imagine what an effective 
kind of brake the sealing-rings would form. 

(9) Th(‘ ]>ower loss associated with the unsupported edges of 
open-tjqDe impellers and of all tyq)es of screw and axial-flow 
rotors. This may more conveniently be included under the 
heading of leakage loss, § 191. 

At this stage, then, we cannot do more than say that the 
value of the relati\e cbsc friction loss may \ary within the 
range 

Ad 0-02 to 0-08. 

191. Defining the Leakage Power Loss. According to 
§ 82, the volume of leakage liquid qi that slips past the sealing- 
rings of a centrifugal pump may be of the order of (0 03 to 0-10)^, 
where Q is the net flow through the pump. This information 
could be expressed in another way. We might introduce the 

notion of volumetric efficiency, defining it as the ratio 

But that ratio as it stands would not necessarily tell us how 
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tlie leakage power loss is relatc'd to the pump water horse- 
power. The reason lies here : that while the main flow Q 
passes through the rotor and through the recuperator, the 
leakage flow qi is diverted before it can benefit from the re- 
cuperator. Because of this, and because of further difficulties 
that might arise, § 192, it is preferable to drop this concept of 
volumetric efficiency and to make a more radical distinction 
between main flow Q and leakage flow qi. We are to suppose 
that the rotor has an imaginary annular partition whicli divides 
it into two entirely distinct passages, a main passage for the 
main flow Q and an auxiliary passage for the leakage flow qi. 
Fig. 1 20 (i). If imaginative readers prefer to visualise a little 
independent rotor for handling the leakage flow. Fig. 120 (ii), 

so much the better. 
Henceforth we can 
think of the main flow 
as entering the ])um]) at 
the suction flange, pas- 
sing unchanged through 
rotor and recu])erator, 
and finally issuing at 
the delivery (lange. 
Meantime tfio leakage 
flow is continuously cir- 
culating through its own 
auxiliary rotor and back 



Fig. ll’C Duigi.iin sliowinp; how h aka^j:< 
flow (an b(i distniufoisluHl fioni innio 
flow . 


through the sealing-rings. 

Now the entire energy requiied to maintain the leakage 
flow must be drawn from the ])ump shaft, and it is the corre- 
sponding power loss Pj fhat we now wish to estimate. First 
the number of leakage passages and the leakage areas must be 
defined as in § 83, then the pressure-droj) //^ and in turn the 
leakage volume qj. The of the auxiliary or “ leakage ” 

impeller will then be qiwHJkj,, Now the gi’oss efficiency of the 
auxiliary impeller must necessarily be lower than that of the 
main imindler, because there is no auxiliary recuperator, as 
has just been pointed out. By applying a suitable correction, 
we finally arrive at the S.H.P. of the leakage im])eller, viz. the 
leakage power loss Pi. 

192. Assessing the Leakage Power Loss. The pro- 
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cedure just outlined is sufficiently beset by uncertainties even 
for the simplest case of a radial-flow impeller. But when 
examining a general problem we must realise that the leakage 
liquid does not all flow through a single passage but is “ bled ” 
off the main stream at a number of })oints, each possibly at a 
different pressure. Leakage may occur at other regions than 
at the sealing-rings, e.g. : — 

(a) Through the lantern rings of liquid'Sealed stuffing-boxes, 

§ (ii)- 

(b) Past the balance-disc of multi-stage pumps, § 124. 

(c) Past the neck-bushes in the diaphragms of multi- 
stage pum])s, § 122. 

{(I) Past the main glands to waste. 

There remains the highly complex question of leakage past 
the unsupported edges of screw type and propeIler-tjq)e rotors, 
§ 100. It is true iliat the narrow clearance space bid ween the 
blade edg(‘ and the fixed casing constitutes a sort of passage ; it 
can be admitted that the rate of flow through the passage wdll be 
influenci^d by the pressure difference across it. Yet, remem- 
bering that this pressure difference probably varies from point 
to point along the blade edge, and observing that one side of the 
passage is at rest wliile tlie other side is travelling round with 
peripheral vidocit y r, we can admit also the futility of applying 
the simple lawvs of orifice flow', § 83. MoreoA er, w'e have already 
agreed, § 190, to include in this component of the leakage 
power loss the hydiaulic fiiction loss between blade edge and 
casing. 

Tn a normal pump without special measuring gear, only 
item (b) of the leakage powder loss, that associated with the 
balance-disc, can be estimated at all accurately. It may be 
possible to measure the volume of leakage water as it flows to 
waste ; and as the pressure-liead at the leak-off point is fairlj' 
well known, this particular item of the total loss Pi can be 
computc'd by the method of § 191. (Example 20) 

As for the overall \alue, a rough indication must again 
suffice. The relative leakage power loss may vary from 
about 

Aj 0 03 to 012. 

193. The Hydraulic Power Loss. If we have correctly 
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assessed the respective values of the mechanical loss P 5 , the 
disc friction loss P^, and the leakage loss Pi, then we can assert 
that the residual energy — Pi, — P a ~ Pi must wholly be 
transferred to the main stream of liquid flowing through the 
pump. There is nowhere else for it to go. But this is a very 
different thing from saying that the liquid receives a corre- 
sponding net energy increment during its passage from suction 
flange to delivery flange. The difference between the two quan- 
tities is what we have agreed to call the hydraulic power loss, 
P^, and it can be computed- — at least in principle — in this 
way 

The energy transferred to the liquid is utilised in impart- 
ing tangential acceleration to the liquid elements. Unit v eight 

of liquid will receive — ~ units of eneigy, and as theie are W 

g 

units of liquid effectively flowing per second, we can say that 
W V V 

_ p, - P, - P, Pi - P^^ P, (§§ 11, 24). 

kj, g 

Now the energy increment per laiit weight of liquid is 
represented by the effective head § 1G4, and tlie mt power 

WII 

received, W.H.P. or P,, is - — ^ 

kj, 

Therefore hydraulic j)ower Joss P^ can be written 

and the hydraulic efficiency can be written, § 164, 

/ II \ _ A, 

\ Vn'^2lg/ 4 - ^ 




Unfortunately these expressions give very littk' help in 
yielding an actual numerical value foi the power loss P^, 
because we do not precisely know the value of the true whirl 
component F„. It is just these equations which serve to es- 
tablish the value of 

194. Analysing the Hydraulic Loss. Inconvenient 
though it may be, the fact must be accepted that although the 
hydraulic power loss is nearly always the most serious of any 
in the pump, yet it is the one that can be assessed with the least 
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accuracy. From the measured input power we must sub- 
tract in turn tlie measured output power and the estirruited 
losses P 5 and P^ and Pi. Clearly, therefore, the final difference 
Pf^ may be burdened with the cumulative errors affecting the 
other terms of the equation ; and earlier paragraphs have in- 
dicated how wide a margin there may be here for such in- 
dividual uncertainties. But at least the representation of the 
hydraulic loss can be done in a familiar way, especially if we 
express the loss in terms of energy per unit weight, e.g., foot 
pounds per pound. The complete j)ump can be regarded as a 
rather complex closed conduit, and the energy changes as the 


v> 



liquid flows through this series of passages can be plotted as a 
simj>le graph. If in the first place we disregard the energy 
received from the rotor, then what we are jiow seeking is merely 
a corrected form of tlu^ basic diagram Fig. 4. Then when we 
want to show the energy increment it iiuolves no more — in 
princi])le -tlian elaborating the energy diagram in Fig. 108. 
That diagram merely stated in a ])ur(4y conventional way that 
the li(j[uid received an amount of energy II ^ wliile passing from 
the suction flange to the deliverv flange of the pump ; now we 
must separate that net gain into a gross intake of energy and 
into various kinds of energy dissipation ; we must plot to an 
enlarged scale the part; of the diagram included between the 
pump flanges. 

The comi)lete conduit or series of passages now to be studied 
is shown schematically in Fig. 121 . It comprises (i) the inlet 
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part of the casing, from suction flange to rotor inlet, (ii) the 
rotor ])assages, (iii) tlie recuperator passages, (iv) the outlet 
part of the easing, from recuperator outlet to delivery flange. 
Although it may usually liappen that no physical separation 
can be discerned between items (iii) and (iv), it is proper that in 
a quite general statement we should recognise the possibility 
of such a division. In all the passages except the rotor passages, 
(ii), it is ine\itable that energy losses vill occur (^). 

But how shall we deal with the special conditions in these 
revolving rotor passages ? At the same time that tlie liquid is 
very rapidly receiving energy from the rotor blades, it is losing 
energy by frictional contact with the walls of the passages. 
The solution proffered in Fig. 121 is this : let us assume that 

F 

the gi'oss energj' increment E,^ — “ is imparted to the liquid 

not while it flows through the rotor passages, but in the form 
of a sudden “ shot ” or dose just as it enters tlie })ump. This 
will in no way interfere with the final result, and it i)uts the 
rotor passages on the same basis as all the other passages. 
The diagiam can now be regarded as an alternative^ and cor- 
rected form of Fig. 8. 

195. Interpreting the Energy Diagram. The ])ropor- 
tions of the energy diagram. Fig. 121, at once give' a measure of 
the hydraulic efficiency of the pump, § 164. The energy iiij)ut 
per unit weight of liquid is represented by the distan(‘(' 

V V. 

En - ; tlie energy output by the distance' II ^ or effectives 

heael ; thus the hyelraulie t'fliciency is represente'd by the j’atie) 
- IIJEn. Also if tlie total energy kiss, E„ H , is elenejte'd 
by i/^, then the hydraulic 'pouxr loss will be e'X])ressed by 



Here are a fe*w comments which serve tei link up earlier 
staU'inents with the piesemt discussion, as symbolised in 
Fig. 121. 

(i) Inlet Pasfiage, Evidently the elesign of the casing will 
exert the controlling influence em the ene'rgy loss, In siele 
inlet pumps. Figs. 38 and 40 (ii), the loss may be virtually zero : 
in double-inlet split-casing pumps, Fig. 39, the loss will be (|uite 
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appreciable, but it can be reduced if necessary by the special 
form of casing shown in Pig. 51 (i). 

(ii) Rotor Passages, The greater the number of blades, the 
greater will be the area of metallic surface which can impose 
frictional loss on the liquid. The smaller the outlet angle y, 
tlie longer and narrower will be the rotor passages, w^hich again 
means a greater frictional loss, h^. The total loss Fig. 121, 
may include an item }^^ to cover eddy, shock, or transfer losses 
at the blade inlet edges. At part flow this item may be of 
serious consequence, §§ 204, 205. 

(iii) Recnperafor Passages. T1h‘ (‘iiergy losses here, are 
all of the general type (examined in §§ 43 to 45. Tlu'y are 
reprc'sented in the diagram by an entry or eddj^ loss and a 
friction loss h^. 

(iv) Outlet Passages. Multi-stage ])umps provide exami)les 

of outlet i^assages tliat are functionally distinct from the re- 
cii])erator ])assages. In the return ])assages of the diffusesr disc, 
§ 122, the energy loss, is additional to the unavoidable 
energy-transformation loss in the diffuser ])assages themselves. 
That is why in this class of the combined energy loss 

due to items (iii) and (iv) is unusually high. 

All tlH‘se energy losses will vary roughly as (v’clocity)^. 
To sum u]), then, we can say that the overall hydraulic power 
loss P^ depends generally upon the design of the passages 
and probably upon the cube of the velocity of the liquid flowing 
through them. Th(» corresponding relative ])ower IossAa niay 
range from about 

- O-Ofl to 0*15. 

Rklation between Shape Nember and Energy 
Losses 

196. Influence of Change of Shape Number. From the 
foregoing ])reliminary examination of the general nature of the 
relative ])ower losses in rotodyuamic ])um])s, w’‘e cannot extract 
very mucli useful quantitative information -the figures quoted 
vary through far too wide a range. Nor for the moment is 
there much ho])e that we can learn to define the lespcctive v alues 
of Ab, An A/i with sufficient precision to enable us to make 
a confident forecast of the ])ump efficiency. But what we can 
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do, and what we forthwith proceed to do, is to finci out how 
changes in pump design are reflected in changes in pump per- 
formance. If absolute values are as yet unattainable, then 
comparative values may be quite useful. 

As in other instances, the most instnictive manner of dis- 
playing variations in pump design (*) is to show how the value 
of the shape number or of the specific speed affects the other 
variables that interest us, §§ 60, 61. Dealing first with (nomi- 
nally) radial-flow centrifugal pumps, we obsen^e from § that 
their shape numbers can be j)ut in the form 950 In 

practice, successive changes in rotor shape are brought about 
by simultaneously altering the speed ratio </>, the flow ratio 0, 
and the vidth ratio A, as in Fig. 54. But if wc prefer, there is 
nothing to stop us from clianging these ratios one at a time, in 
order to obserxe more posithely t}H‘ corresponding effe^'t on 
pump efticieney. Although it may turn out that vsome of the 
resulting rotor shapes would ha\e little practical utility, yet in 
every case ve shall assume that they aie properly suited for 
working und(T “ design conditions. 

197. Influence of Width Ratio (ic). We begin vith a 
range of pumps in which everytliing nunains uiH'lianged exc(q)t 
the rotor width and the variables depeiuhuit upon rotor width, 
thus : — 


Invariable, 
Speed. 
Diameter. 
Blade angles. 
Speed ratio. 
Flow ratio. 
Head. 


Variable. 
Width. 
Width ratio 
Discharge. 
V^olute area. 


By making a ])reliminarv plot of power and ])ower loss(\s against 
width or discharge, we get an array of grajdis of the sort shown 
in Fig. 122. The respective scales are pur])oselv distorted for 
the sake of clarity. In this diagram and in succc^eding ones, 
the symbols are those defined in §§ 186, 187. Evidently the 
mere act of moving the im])eller discs further apart can have 
no effect upon the losses l\j and and thus tlie graph 
representing the sum of thes<^ is a horizontal straight line. 
Furthermore, we may reasonably assume that changes in 
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the rotor width will not materially alter the proportions of 
the energy diagram, Fig. 121. It follows that the hydraulic 
efficiency remains unaltered throughout, and that the ab- 
solute hydraulic power loss varies directly as the discharge 
or as the output power In turn the relative losses and the 

efficiencies can be plotted against shape number as in Fig. 123 ; 
this true-to-scale diagram is based upon the values ^ - 1-00, 
ijj _zr ()-l(). Types of the rotors themselves are drawm to scale 
in Fig. 124. (Example 21) 

We may take Fig. 122 as a graphical comment on the prin- 
cij)le set forth in § 187 ; w'e clearly see how advantageous it is 



Fj(j \ 2'2 lnflu(*ii< ot nil- Fi(. 123 — R(‘l»itionsliip 
j)( ll('i widtli on ]H*ifor- latio ami i llu it'in les 

inane ( 


to separate losses dependent u])on the How, from those un- 
affected by the flow, P^, P^, P^. As for the trend of the gross 
efliciency curve in Fig. 123, it indicates that the efficiency would 
be zero at zero specific speed, and that it approximates to the 
value of the hydraulic efficienc}" at higli s])ecific six^eds. But 
we have to remember that at high specific speeds the flow con- 
ditions in the rotor become in fact less fa\ourable, because of 
the eddies shown in Fig. 124. This detei ioration will be re- 
flected in both efficiency curves of Fig. 123, which will Umd to 
droop in the region of high shape numbers. 

198. Influence of Flow Ratio. Here the fixed and 
varying attributes of the range of impellers are : — 
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Invariable. 
Speed. 
Diameter. 
Speed ratio. 
Width. 
Head. 

Flow areas. 


Variable. 
Blade angles. 
Velocity of flow. 
Flow ratio. 
Discharge. 


As before, the ‘‘ non-hydraulic ” losses P^, Pi remain un- 
changed ; while the hydraulic power loss P^ changes. But 
now there is a different law of v^ariation. Since the energy loss 
varies as the square of the flow velocity, then the ijowei* loss 
varies as the calx of the discharge, § 195, instead of directly 
as the discharge as in § 197. The effect on the graphs, Fig. 125, 
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Fif. 125 — of lloM velocity 
oil 


is very marked— there is no doubt now about the decline in 
efficiency at high values of sliape number. In this diagram the 
data are : constant spc'ed ratio ^ — 1-0 ; constant width ratio 
A - 0-10. 


199. Influence of Speed Ratio. 

this range of rotors are : — 

Invariable. 

Diameter. 

Width. 

Discharge. 

Head. 

Flow areas. 


The factors controlling 

Variable. 

Blade angles. 

SpiH^l. 

Speed ratio. 
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The trends to be examined now are those that were already 
exposed in a primitive way in § 14. It is still true, as Fig. 9 
showed, that as the outlet angle y increases and the speed ratio 
falls, the liquid leaving the impeller carries away with it a 
greater and greater proportion of velocity energy. We now 
see that this tendency throws an increasing burden on the 
recuperator. In turn this means that we must make some 
specific estimate of the energy loss in the recuperator, 

Fig. 121. Let us say that this amounts to one-fifth of the ideal 

U ^ 

velocity energy at the impelJer outlet, viz. --= 0-20 — . In 

2(7 

regard to the energy loss in the impeller passages, this may h,e 
taken to be propoitional to the sqiuire of the outlet relative 
velocity 

For the first time, then, we 
have under review a set of im- 
pellers in which the ratio be- 
tween impeller energy loss and 
recuperator energy loss is vary- 
ing. Tlie character of the var- 
iation is suggested in Fig. 10; 
since impeller loss varies as 
and lecuperator loss \aries as 
V 2 ^, v'e see at once that increas- 
ing values of speed ratio mean 
an increasing proportion of 
impeller loss. Another new 
factor is that the disc friction 
loss is no longer constant : it varies as the cube of the speed, 
§ 190. The remaining losses 1\ and Pi will only change very 
slightly. WJien tlu'se various influences are taken into account, 
and applied to impellers having the ratios i/j 0* 1 5 and A - 0* 10, 
the resulting grajflis have the forms shown in Fig. 126. Al- 
tliough the range of shape number is less than it lias hitherto 
been, yet the efficiency graph keeps its characteristic form 
showing a marked decline at eitlier extreme. 

Naturally we cannot accept tJie graphs as a final statement. 
On looking again at the ideal velocity diagrams in Fig. 10, we 
cannot profess any great faith in the belief that impeller losses 
vary as the square of the mean velocity in those passages. 
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In diverging passages we know that it is the angle of divergence 
as well as the mean velocity that determines the energy loss, 
and at least in Fig. 10 (iii) the divergence is so quick that we 
should expect very unfavourable hydraulic conditions there. 
On the other hand if we go to the other extreme, and make the 
passages even longer and narrower than they are in Fig. 10 (i), 
we cannot hope for any mitigation of the serious friction losses 
that will ensue, § 195 (ii). 

200. General Trends. What, then, is the precise value 
of graphs such as those presented in Figs. 123, 125, 120 I They 
are admittedly based on simplified and higlily artificial condi- 
tions, which only in a very general way accord with actual work- 
ing conditions. But at least the trends they reveal are fairly 
clear. We can discern two of them : (i) the pump gross efficiency 
rise to a maximum figure at a certain value of the shap(' 
number, and declines on either side of that number, (ii) as the 
shape number increases, the hydraulic power loss grows more 
and more preponderant. That is to say, the ratio A^/A^ has a 
rising tendency. Tf, then, we were to constmct a set of com- 
posite graphs, ap])licable to a range of normal rotors m which 
the terms (f>, i/j, and A increase simultaneously, these also should 
manifest the same tendencies. Moreover, these analyti(‘ally- 
construct/ed graphs should have some likeness to actual curves 
plotted from test-bed information. Unless they were thus 
comparable, the reasoning carried through this chapter could 
not be justified. 

In fact, it is possible to find a good measure of agrexune^nt. 
The curves relating to measured pump performance. Fig. 53, 
have much the shape that Figs. 1 24 to 125 luu e led us to expect. 
In another way, their guidance has aln^ady be('n taken into 
account in Part B of the book. It will be found in § (>4. The 
reason why a limited range of shape' numbers was there re- 
commended should now be evident. Outside that range, the 
probable pump efficiency has fallen so far below its maximum 
that the pump would not be acceptable for normal services. 

As for the other main tendency, (ii), above, it has likewise 
been recognised in Part B of the book, viz., in § 93. In a 
general way, it was there suggested that the ratio (1 — t;^)/ 
(1 -- 7]^) increases as the shape number rises. The formulae of 
§ 193 permit this ratio to be put in the form A^/(7;^ 4 A^)A^, 
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which in a broad sense is equivalent to the significant ratio 
A^/A^ already mentioned. 

A final method of representing general tendencies is to plot 
the actual distribution, as nearly as this can be estimated, of 
losses in two particular centrifugal pumps. The result is seen 
in Fig. 127. One of the pumps, of the low specific-speed 
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Fuji. 127 Distiihution of loshoh iii low &])oc*ifi< sjicchI ])uni]> anti m rnetliiini 

bj»e( ifi< -s])o(‘(l ]>uinj). 

diffus(‘r type, lias a shape number of 03 ; tlie other, of the 
medium speeilie-speed \oJutt' type, has a shape number of 160. 
On the left of the diagram, (i), energy losses and hydraulic 
etfieieneies are given ; on tlu^ right, (ii), power losses and gross 
eflieieiieies are plotted (^). 

201 . Power Losses in Axial-flow Pumps. Although the 
tendencies to be studied here are Jess clearly defined than they 
have been hitherto, we are at least entitled to say : — 

Disc Friction Loss l\i. A precise answer can be given on 
this point. Tlie absolute loss and the relative loss are alike 
zero, because there is no disc. 

Leakage Loss Pi. Using Fig. 70 as a guide, we could imagine 
a range of propeller-pumps all of the same diameU'r, speed, and 
blade area, l)ut wfith the blades set at various inclinations. 
The only difference betweem the conditions now in force, and 
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those assumed to be operating in § 104, is that it is hero regarded 
as permissible to make minor blade-angle adjustments to ensure 
for each pump its maximum efficiency. As the head remains 
unchanged throughout, the leakage power loss will likewise be 
unaffected ; but the input power steadily rises in sympathy 
with the increase in blade inclination and the increase in dis- 
charge. Thus the relative leakage loss will diminish as the 
specific speed or shape number increases. 

Hydraulic Loss. Thinking in a crude way of the frictional 
loss as the liquid flows over the surfaces of the rotor blades, 
this should vary as the square of the relative v^elocity. But 
this relative velocity should not materially change as the blade 
pitch steepens, from which it follows that the rotor relative 
hydraulic loss will decline as the shape number rises. 

On tlje other Jiand, the relati\e hydraulic loss in IJie casing 
and recuperator of a given axial-flow pump will increase as 
the discharge increases. 

Gross Efficiency. Thus it again seems likely that tlie curve 
between shape number and gross efficiency will drooj) below 
permissible limits if tlie value of the sha 2 )e number is not kept 
within a restricted range, § ()4. It is jjcrtinenl in tiiis connec- 
tion to study Fig. 14(), which represents the p(‘iformance of 
what is, in effect, a range of pumps such as is now in question. 
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202. Departures from Design Conditions. Althougli 
tlie design of a ))uin}) is ])rimarily controlled by certain specified 
vahies of head, speed, and discharge, it would not be reasonable 
to expe(*t that those conditions could invariably be maintained 
througliout the working life of the pump. Tlie user will doubt- 
less b(‘ very glad to alter the output to suit momentary changes 
of demand ; there may be unavoidable changes in head imposed 
by service conditions. Such changes may occur, for example, 
if the ])um}) draws from a well, a river, or a tidal estuary. It is 
true that the ])um]) speed may not vary appreciably, especially 
if tlie set includes a normal A.C. motor ; yed on the other hand 
sjieed variations may be very helpful in securing desired changes 
in head or discharge. 

In this chapter we still propose to hold the speed at its 
original designed value : only tlie head and the discharge of 
the ])ump will be allowed to vary. On tlie test-bed tliese varia- 
tions can Aery easily be realised by throttling, § 172, whik^ on 
the sit(' such infliuMices as those just mentioned may come into 
effect. 

In studying the resulting change in the pump performance, 
it will be logical to observe first how’’ the general flow" picture 
is distorted, and in turn to see how" the energy" received by the 
liquid and the energy lost is altered. Following the nomen- 
clature of § 159, the typical conditions now in question are 
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(i) reduced-flow, when the discharge is less than normal (with 
the special case of zero-flow) and (ii) increased-flow, when the 
discharge is greater than normal. It is to be noted that all 
such variations are fundamentally different from those examined 
in Chapter XIII. What was in question therc^ were successive 
ranges of rotors each de8ig7i€d for a specific duty ; what we are 
to study now is one rotor working under conditions for which 
it was not designed at all. 

It will be helpful henceforth to use the terms specific speed 
and shape nnmhir in a new and special sense. Strictly speaking, 
any alteration to the value of head 11 and dischaige Q will 
mean a change in the numerical value of A, or ThCvse 



REDUCED NORMAL INCREASED 

Fi«. 1:28 . -LIohI outk't \<'Io(i1y diagrams for lofliucd, noiiiial, and imroasod 


modified values will De disregarded. When speaking of a 
pump w'orking under reduced flow or mcrc‘as(’d flow <‘onditions, 
we shall continue to describe it by the sp(H*itic spe(‘d oi* sliajK^ 
number applicahh to its original or design perforwana 

203. Changes within Centrifugal Pump Impeller (*) 
It is not difficult to form an impression of w'hat wall iiappen 
when the discharge or rate' of flow' through th(' rotor is altered. 
Two factors wall remain unchanged. They are : (i) the rim 
velocity because the shaft speed is by d('finition lield steady, 
(ii) the ideal (relative) angle y at which the li([uid leaves the 
wheel, because the blades have suffered no change and give 
just the same guidance as before. 

Factors that will be modified include all flow velocities. 
Both the radial flow component F, and the relative velocities 
through the wheel passages, will rise or fall in harmony with 
the variations in discharge Q. In consequence, the original 

240 



REDUCED-FLOW AND INCREASED-FLOW § 204 

outlet velocity diagrams will no longer be valid. As the whirl 
component V may feel the effect of the distortion of the dia- 
grams, a final consequence is that the effective head itself may 
be influenced. 

For an ideal impeller with very numerous blades, the 
changes under review could be represented by the diagrams 
plotted in Fig. 128. In these and in subsequent diagrams, new 
subscripts distinguish departures from the normal regime. 
The subscript will denote reduced-flow conditions, and the 
subscript ^ inereas('d-flow conditions. Referring to Fig. 128, 
we observe that if the flow is reduced, then : — 

The tangential whirl component increases from Fg to V^q. 
The absolute outlet velocity increases from Ug to UgQ. 
The flow component decreases from Fg to Fgc- 

If, on the contrary, the flow is increased, then : — 

The tangential whirl component decreases from Fg toFgj). 
The absolute outlet velocity decreases from C7g to f/g^. 
The flow component increases from Fg to Fgj,. 

In conformity with these variations of velocity of whirl 

F Vo 

there must also be variations of ideal energy Al- 

though the corresponding variations of effective head may 
not keep pace with these changes, they will probably be of 
the same nature ; and to this correlation the pump owes 
one of its most valuable attributes, viz., its power of self- 
regulation. Thus if for any reason the external liead to be 
overcome rises above the head that the pump is momentarily 
generating, then automatically the discharge declines by just 
the right amount to enable the impeller to give the necessarj?' 
incre'ased head. Conversely a reduction in external resistance 
will stimulate the pump to supply more liquid and in this way 
to gemerate a lower head. 

204. New Kinds of Energy Loss. An examination of the 
distorted velocity diagrams. Fig. 129, shows that additional 
energy losses are now” to be reckoned w”ith. If the blade tips 
were made tangential to the designed inlet relative velocity Vr^, 
they cannot at the same time be tangential to the modified 
velocities v^iq or Nor will energy dissipation be quickened 

by this cause alone. When the rate of flow is below normal, 
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§204 

there will be a tendency for the liquid stream in each of the 
impeller passages to concentrate near the front of the blades, 
leaving a more or less dead space near the back of the blades : 
dead in regard to effective forward motion, but alive in its 


Fia. 129. — Normal and distorted inlol \olorily din^ranis. 
capa<‘ity to waste energy. This eddying effect lias alr(*ady 
been suggested in Fig. 15 (iii). 

In the recuperator also the flow conditions d(deriorat(\ 
When the pump discharge is reduced, there will inevitably be 

heavier energy losses in the volute. 
While the velocity of the liquid 
leaving the inqHdler and entcTing 
the volute is above normal, as Fig. 
128 shows, yet the mean velocity 
in the volute itself must be bdow 
normal. Thus the essential con- 
ditions for maximum elliciency of 
energy convcu'sioji, § 45, can no 
longer a])ply. If the -[mm]) dis- 
charge is considerably abov(‘ nor- 
mal, then the absoluti^ outlet vel- 
ocity vector, Fig. 128 (iii), takes 
on an abnormal inclination. Very 
serious contraction of the main 
stream of liquid may o(;cur at the 
volute tongue, Fig. 130 (i), with 
consequent additional eddy loss. 
In regard to guide-blade or diffuser t 3 q)es of recupcTator, 
we observe from Fig. 130 (ii) that de])aHures from dcsigm^d 
rates of flow will again destroy the necessary com\spondenc(^ 
between blade inclination and velocity vector ijiclination. 
Energy dissipation is set up here also. 
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205. Changes in Efficiency. In trying to assess the 

overall effect of flow variations on the gross efficiency of the 
pump, we can find guidance in a paragraph — § 198 — that has 
already explained some of the consequences of changes in dis- 
charge. As a first approximation it is still true to say that the 
“ non-hydraulic ” losses remain virtually unchanged ; 

but the law of variation of the hydraulic loss will certainly 
be radically modified by the additional eddy losses just exam- 
ined, § 204. Their immediate effeet will be to augment the 
ikuns which in Fig. 121 denoted energy wastage at inlet 

to rotor and to recuperator. Their ultimate effect must be to 
lower in turn the hydraulic and the overall efficiency of the 
pump. 

In brief, the pump can only be expect(‘d to give its best 
pc^rformauee at its design point. If the flow is greater or less 
than the designed flow, ihv efficiency of the pump will inevitably 

206. Zero-discharge Conditions. Only when the dis- 
charge falls so low that it approaches its limiting value of zero 
do we find existing methods of analysis inadequate. If no 
lic^uid at all issut\s from the delivery flange, graphs such as 
Fig. 121 lose mucli of their significance. Since the discharge W 
is zero, then the out})ut power P„ is zero and the hy^draulic 
loss P,i is ap})arently zero as wtII, no matter what may be 
the values of tlu' individual items Aj,., etc. Thus we should 
ex])ect the input ])ower P^ to be equal to the sum of the mechani- 
cal loss Py,, the disc friction loss P^, and the leakage loss Py, all 
of which are assumed to have undergone no substantial change. 
But in fact Ihe measured input P, is much greater than this. 
The observed zero-discharge v alue is hardly ever less than about 
one-third of the normal or designed power input, and it may be 
considerably moi*(‘. aSVw/c additional type of energy dissipation 
is evidently taking })lace inside the pump, tliat cannot be re- 
presented by diagrams such as Figs. 121 and 127. One may 
desc‘ribe it as a v ery violent and confused churning effect at the 
inlet and outlet zones of the rotor. The liquid in the rotating 
imj)eller passage's might be imagined to be “ scrubbing ’’ against 
the nominally stationary liquid in the inlet and outlet passages 
of the casing. We can easily believe that in these casing 
passages tlu' liquid is in truth very far from being at rest, 
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because we know that so rapid a rate of energy loss could only 
be accounted for by unusually fierce turbulence propagated 
throughout a considerable mass of liquid. 

Wlien the pump is rumiing against closed-throttle, then, 
we steadily feed into it energy at a rate P 3 , but no energy seems 
to be coming out of the pump. It does not take long to find 
out what has happened to the energy input, though. It has all 
been converted into heat energy. After a few minutes the liquid 
grows hotter and hotter, and this temperature-rise will continue 
until either (a) the whole assembly attains a tem])erature at 

which the heat radiated to the 
surrounding air just balances 
the energy input, or (b) the 
liquid boils or tlie sJiaft seizes 
or some other \ ioleiit inter- 
ruption occurs. In ordinaiy 
installations it is tlu‘ attendant’s 
duty to prevejit su(*h lia])pen- 
ings, but in high -power pum])s 
it may be necessary to provide 
protective vsy stems including 
automatic leak-off passages. 

207. Other Consequences 
of Discharge Variation, (i) 
Side Thrust on Impeller. Tlie 
^ R^f NO of tappmg ^ possibilUy of uneven pressure- 
„ TO. V 1 j 1 1 distribution around the inn)elk‘r 

rid l.O \<trriial and ahnoiniul ^ 

])ressuif (ijstTihiitjnn in rim has already heon mentioned 

in § 73 (c). Here it is to be 
noted that even if the unbalanced side thrust shown in Fig. 41 
is absent under design conditions, it may becoTue (juite severe 
under reduced-flow conditions. Figures from an actual volute 
pump are plotted in Fig. 131 ; they show that at 25 per cent, 
flow (reduced-flow), the pressure-head in the v olute risers steadily 
as one follows the gauge-points in the din^ction of rotation of 
the shaft. At normal or lOO per cent, flow, the pressure is 
nearly uniform, as it should be. At increased-llow, the pres- 
sure-changes are opposite to what they were at 25 per cent, 
flow. 



(ii) Abnormal Velocity Distribution at Outlet Flange. The 


244 



REDUCED-FLOW AND INCREASED-FLOW §207 

question of irregular velocity-distribution at the pump outlet 
flange was studied in § 160. When the pump is working at 
partial flow such irregularity may be much intensified. Al- 
though the experimental observations depicted in Fig. 132 
relate to a screw pumj), rather than to a radial-flow centrifugal 
pump, they have so many points of interest that they may fitly 
be included here. First of all the directions of the velocity 
vectors U 3 conclusively prove the existence of the secondary 
circulation within the volute that was described in § 101 ; this 
type of motion may occur in all offset or non-symmetrical 



Ficj. Abtiornial xalocity distribution at outlet flange of screw piini]!, 

working at 30 {)(*r cent. flow. 

volutes siicli as those shown in Figs. 51 (iii), 64, and 65. It is 
analogous to tlie reverse-flow that may arise in axial-flow 
pumps, § 200 . Then the vectors show, Fig. 132, that at part- 
flow the components in the plane of the delivery flange 
may be much more powerful than the components in the 
direction of the delivery pipe axis. Not only does this fact 
throw additional doubt upon the nominal figures which purport 
to represent total energy at the outlet flange, § 160, but it 
explains why these disturbances of flow may be propagated so 
far down the delivery pipe itself as to falsify quite seriously 
the readings of the mot<*r wliieh records the pump discharge, 
e.g., as in Fig. 1 16 (iv). 

(iii) Noise, Cavitation, etc. If the flow abnormalities at 
partial discharge are sufficiently pronounced, we may expect 
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more direct evidence than is shown by instrument readings. 
The pump may vibrate, it may run noisily, and if the conditions 
of reduced-flow are maintained for a long time tlu^re may be 
rapid erosion of the rotor or recui)erator blades and passages, 
§ 257. 

208. Changes in Axial-flow Pump. Pumps intended for 
three-dimensional flow have tlie peculiarity that even under 
design conditions a single outlet velocity diagram no longer 
serves to give a true flow-picture. Tliere must be individual 
diagrams for each directive surface ; two such diagrams were 
plotted in Fig. 28. The question we now liave to ask is : when 
the rate of discharge is raised or lowered, will all these diflerent 
diagrams be affected equally, or will tliey suffer varjung de'grees 
of distortion ? An axial-flow rotor will he tlie (easiest 1o study, 
and we may conveniently think of tlie direeti\e surfaces, § 29, 
as being actual metallic boundaries rather than mere abstrac- 
tions. Instead of having one rotor, that is to say, w(‘ liave a 
number of cylindrical rotor-rings fitting one witliiu the otlur, 
Fig. 183. Here are drawn ideal outlet triangles, (i), for full-flow 
and, (ii), for part flow, relating both to an outer if >toi ling and an 
iimer rotor-ring. At once it is evident that the percentage in- 
crease in tangential \elocity component I'o is much gi’eater for 
the outer ring than it is for the inner ring, from which it follows 
that at part-flow the outer ring may be expected to geiierate a 
higher head than the iimer ring. 

But this conclusion camiot be admitted. If a uniform 
pressure prevails across the inlet plane to the pump and also 
across the outlet plane, there must necessarily be a 'uniform 
energy-increment in all the rotor-rings. This difliculty is n^adily 
overcome. It only arose because of an unjustifiable assumption 
that the reduction in discharge applied uniformly to all the 
rotor-rings. What is much more likely to ha])jK'n is that the 
self-regulating process described in § 208 will have a differential 
effect, automatically enabling each ring to create the same head 
but allowing less liquid to pass through the inner rings (in 
relation to normal conditions) than passes through the outer 
rings. The general state of flow could then corrtKdly be 
described by the diagrams in Fig. 188 (iii). In any event, a 
reduction in discharge is accompanied by a proportionally 
greater increase of head than was found in a centrifugal pump. 
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209. Back-flow and its Consequences. An the main 
flow through tiie pump })rogressive]y declines, consequent upon 
a still further increase of the effective head, there will come a 
stage at which the flow velocity in the innermost rotor-ring 
sinks to zero. What will happen if the discharge is throttled 
down still more ? Manifestly the direction of flow in this imxer 



]m( 3. t c)t coiuiitioiis Dll ideal axial-flow rotor 

M'locity triangles. 

ring will be reversed : licpiid will begin to ruv backwards 
througli this part of the rotor. Fig. 134 (i). When the final stage 
equivalent to closed -throttle is readied, quite a brisk circula- 
tion of liquid will be in progress, forwards through the outer 
rings and backwards through the inner rings. The general 
character of tlie flow will not be destroyed if we now remove the 
annular partitions as having served their purpose, leaving us 
with the type of secondary motion suggested in Fig. 134 (ii). 
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[n regard to the fundamental question of power consump- 
tion we cannot now pretend that the hydraulic power loss 
is even apparently zero. Energy will be required to maintain 
tlie flow through the outer part of the rot/or passages, nor will 
this energy be returned to the blades when the liciuid returns 
tlirough the inner part of the i)assages. On the contrary, the 
blades must give still more energy to the liquid. Naturally 
the net benefit we receive from this expenditure of energy is 
nil, because no liquid is coming out of the pump delivery branch. 

210. General Trends in Axial-flow and Mixed-flow 
Pumps. The power loss associated with back-flow will certainly 
be an important item in tlie total closed-throttle in])ut Pg of an 
axial-flow pum}). We have also to remember that at low rates 


of discharge the shock losses, 7?^, Fig. 121, at entry to rotor 

and r(‘cuperator blades 
are relatively much more 
serious than in a centri- 
fugal pump, § 204. This 
is because^ the clianges in 
inclination of the rotor 
inlet relative velocity 
vector Vri, and of the 

. _ , _ ^ outlet absolute vector 

hit,, l.rr. — Kov(‘rs('d flow i.i a\ial flow rotor. ^ 

are now more ])ronoun(*ed, 
as may be realised by comparing Fig. 133 (iii) with Figs. 128 to 
130. Without exception, then, the diverst* effects of reducing 
the flow through the pumj) alt ttmd in tlu* same direction- and 
that is in tlie direction of intensifying the rate of ejieigy dissijm- 
tion. This is shoAvn on the test-bed by a st(*ady n.ve of powder 
input as the throttle-valve is ju’ogressivt'ly closed, terminating 
at zero discharge by a value Pg which is a good d(‘al greater 
than tlie normal power corresponding to design conditions. 

The remedy for this decline in efficiency is to use a rariable- 
pitch propeller, § 104. If the blade inclination itself can be 
adjusted to agree more or less with tin* inclination of the 
velocity vectors iirespective of the rato of discharge, then one 
of the major sources of power loss is eliminated. 

As in nearly all other respects, mixed-flow pmnps exhibit 
traits under abnormal flow conditions that are intermediate 
betwetm those of radial-flow pumps and those of axial-flow 
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pumps. Thus the closed-throttle power input P, for a screw- 
type pump is very nearly the same as the normal input ; it is 
higher than for an equivalent centrifugal pump, but lower than 
in an equivalent (non-adjustable) propeller pump. What has 
a good deal to do with tlie more economical part-flow perform- 
ance of the screw-type pump is the ratio d^Jd.^b rotor diam- 
eters, § 106. The more nearly this ratio approaches unity, 
the more nearly is there uniformity across the outlet area of 
the rotor ; and we have already seen that it is extreme lack of 
uniformity that promotes back- 
flow with corresponding power 
wastage in an axial-flow pump, g 
§ 209. ^ 

CT 

ClIARACTTmiSTK^ CURVES AT 

CoNSTA^^T Speed I 

211. Graphical Plotting | 
of Pump Performance. Just ^ 
as the variations studied in ^ 

Chapter XITI could be recorded ^ 
in graphs such as Fig. 125, so 
we ouglit to be able to find a 
convenient way of plotting the 
variations in the regime of a fic ]:r> Relation between rate of 
particular pump. The obvious (lisdmige, and energy. 111 coiitii- 
system is found to be the best — > pumj). 

to plot discharge as abscissa3, and head, power input and efiici- 
ency as ordinates. The resulting characteristic curves are of 
great j)ractical utility in giving to the designer and the user a 
clear picture of wliat the pump will do in specified circumstances. 
They are not, like earlier performance graphs, based on analysis 
or speculation. They arc the actual records of test-bed observa- 
tions or at least they are closely linked with such figures (*). 

Fig. 135 ser\es as a summary of the reasoning carried 
through §§ 203 to 206. It will give a preliminary impression of 
what a head-discharge characteristic curve will look like. We 
begin with the uppermost line (l-l) which shows how the ideal 

energy input per unit weight of liquid, ~ depends 
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upon the discharge ; in conformity with what was said in § 203, 
the energy continuously declines as the quantity increases. Next 
comes the line (2-2) suggesting the corresponding variations 
in the true input ; the intercept between these two lines gives 
a measure of the eifeot as the number of impeller blades falls 
from 00 to ??, §§ 17, 24. To obtain the value of the effective 
head we must now deduct the total hydraulic energy loss 
In Fig. 121 this total amount was analysed into its 
constituent elements, but here we (‘an more usc'fully collect 
these into a group of friction losses, Ilf, and a group of eddy, 
shock, or sc'paration losses //;. The friction losses, b(Mng 
dependent upon the rate of flow of li(|uid through the pump 
passages, will mount from a value such as 7/^^, at r(‘(] need-flow 

_ to a value 77n» at 

5$ I ^ increased-flow, Fig. 

-VA He^c^ . S l‘h^>- accoidancje 

- -15 1 ^ itli §§ 204, 205, the 

shock or eddy losses 

2^ ^ ^ are assumed to have 

U \ i he value zero iit the 

^ design point, and 

^ they are represen tc‘d 
^ ^ ^ hy 77;(, or 7/^^^ at 

^ otluT flow rat('s. 

0 400 600 7200 7600 2000 ^ i 4 

Discharge-ga7/ons per / 7 )f nut e ^ U(((ssi\( su lac 

lions thus yield in 

Fit,. (Viitrifiigal tiuinp t lwud< U'ihIk s. . i- /*> o\ 

V /V. turn the hue (3-3), 

A yoo j , fi^ ()(). ' 

and tinally the de- 
sired head-discharge characteristic (4-4). H(‘re at last is the 
curve which shows the inter-relation betw(‘(‘n dis(*Jiargt‘ and 
effective head, for a centrifugal puni]) running at constant 
speed. 

212. Head, Power and Efficiency Characteristics. 

Turning now to actual records (huived from the test-])(‘(l, they 
are usually put in the form showm in Fig. ]3(>. With the pump 
speed maintained steady, the flow is progn^ssively throttled, 
§ 171, and successive readings of head, discharge, and i)()WTr 
input are taken. The complek* ])erf()rmanee is finally plotl(‘d 
as indicated. 

The head-discharge characteristic has just the shape that the 
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r(*asoiiiiig of tlie previous paragraph, as embodied in Fig. 135, 
has led us to expect. Tlie j^ower-discharge characteristic clearly 
shows the importance of the zero-discharge or shut-off loss 
predicted in § 206, The decline of the discharge -efficiency 
charactiristic on either side of the design point is in line with the 
arguments of § 205. What is especially to be remembered is 
tlie remarkable tenacity and firmness with which eacli curve 
maintains its appoint ('d shape. Although the term roto- 
dynamic is used to exclude all types of 'positive pumps, yet 
nothing could be more positive than the rotodynamic pump’s 
adherence lo a characteristic kind of performance. Nothing 
can alter it. So long as the pumj) is working properly and is 
kept in good condition, it will insist on discliarging a particular 
(|uantity of liquid 
if a partic ular h<‘ad 
is maintained ; and 
similarly if we Wiiut 
the pump to give a 
predetermined dis- 
charge we have no 
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other method of ^ 
control than to 
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modify the liead 
accordingl}^ Of 
course' if we <‘ould 
vary th(' sjie(‘d as 
well that would 
be quite another 
matter, but in this chapter we have agreed lo maintain a 
constant speed. All the characteristic curves are plotted on 
that basis. (Example 22.) 

213. Rotor Shape and Characteristic Shape. The pri- 
mary advantage of the conception of shape number is that one 
numb('r only serves as a kind of shorthand description of the 
geometiical proportions of the rotor, § ()1 . In a similar vv^ay the 
characteristic curves reflect the behaviour of the rotor (^) As 
the shape numlxT changes, so should the form of the character- 
istics alter. Kxamples of this inter-dependence are offered in 
Figs. 136 to 138, which describe in turn the beliavdour at con- 
stant speed of a centrifugal pump, a screw-type pump and an 
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axial-flow pump. Because of the variety of units employed — a 
diversity that cannot be escaped in practice — the information is 



Discharge - ga/fons per minute 

Fiti. 188.- T*ro]X‘ll(‘r ])uinp (‘hamftunstH's. N - J 800 r.p.m. ; - 640. 

not given in tlie boHi form for eomjiarative purposes ; so once 
again we must devise some non-dimensional system. Here it 


760 



Fio. 139. (from Fig. 136). Fia. 140. (from Fig. 137). 

Plotting of pump charactorintics on poroontago or comparativo basis. 

will be instructive to express all the variables as a percentage of 
their respective values at the design point. This method will 
have the additional convenience of permitting a numerical 
assessment of the terms reduced-flow and increased-flow. A 
percentage flow of 56 will mean that the discharge is 56 per cent. 
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of normal or designed flow ; a percentage flow of 145 will 
signify a fairly extreme state of increased-flow. 

In such a manner, then, the graphs of Figs. 136 to 138 can 
be transposed into those of Pigs. 139 to 141, thereby yielding 
a condensed and informative statement of what §§ 203 to 210 
have already given in general terms. It is natural to expect 
that for pumps having shape number intermediate between 
those chosen here, the characteristic curves would also have an 

intermediate character. If, 
then, we were to examine a 
full range of characteristics, 
we might reasonably predict 
from Figs. 139 to 141 that 
they would reveal the follow- 
ing tendencies : — 

(i) The shut-off or 
closed-throttle head 
would rise in sym- 
pathy with an in- 
crease of shape 
number. 

(ii) The closed-throttle 
power would likewise 
become greater as 
the shape number 
became greater. 

(iii) The summit of the 
efficiency cmve grows 
progressively more 
peaked or less 

0 Percentage of norma t cfisc/targe rounded as the 

Fi^r. 141. (from big. 138). shape number rises. 

Throughout these discus- 
sions, it is clearly to be understood that the term f^hape number 
is used in the special sense defined in § 202. 

214. Control of Characteristic Shape. For general pur- 
poses of design, it was helpful to assume that a particular shape 
number corresponded with an established set of ratios i/f, 
and A, Fig. 54. But there is no finality in such arbitrary 
groupings ; we have seen in §§ 196 to 199 that individual values 
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of the variables can be manipulated independently. What 
will be the effect of these changes on the shape of the pump 
characteristics ? It is important to know, because the operating 
conditions to which rotodynamic pumps must* conform often 
require a special shape of characteristic. Such curves as those 
in Figs. 139 to 141 are therefore to be regarded as generic only ; 
they form a valuable companion picture to such as diagrams 
Fig. 55. 

Beginning with a centrifugal j)um]) of low s])ecific speed, we 



Fig. 142. FHect of hl.idc' ant^lc on slmpo of Ik ad <lis( liaigt f Jiarac ti t ista 

may first study the effect of variation of the outlet blade angle 
y ; N and remaining nuariable. Tn Fig 142 theie aie shown 
ideal velocity diagrams foi various peicentage Hows, i elating to 
an impeller with a small angle, (i), and with a very laige angle, 
(ii). In the one case variations of flow \(docity produce very 
considerable changes in the whiil component ; in the other 
case the effect is relatively tiifling But flow \(‘lo<‘ity is pro- 
portional to discharge, and for present purposes whirl velo(*ity 
is proportional to ideal energy § 203 ; thus we can quiiddy 
construct the ideal discharge-energy graphs as in Fig. 135. By 
making such reasonable d(*ductions as went to the tracing of 
curves (1-1), (2-2), in that diagram, we can predict with some 
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confidence that tlie corresponding head-discharge curves will 
have some such forms as are sketched in Fig. 142. There we 
see in very h'gible characters the influence of change of blade 
angle : the smaller the angle, the more quickly does the head 
decline as the percentage flow increases. 

A steeply-falling liead-discharge characteristic as in Fig. 
142 (i) is also to be had by other means. Let the outlet blade 
angle be increased from to y', but let the flow velocity be 
increased to the same extent. That will give the range of 
velocity diarams drawn in Fig. 143. The tendenoies there 
revealed are identical with those of Fig. 142 (i), and thus we 
may expect tlie same consequences. Now there is a direct link 
between flow' v(‘locity and flow ratio ip ; and also between 
flow velocity, blade angle, and speed ratio <p. 
ratio A can be adjusted indepen- 
dently of these, and as specific 
speed or shape number (*an be ex- 
pressed in the form p VXi/j, § 59, 
w<' can admit tliat it does lie 
within our power to control the 
shape of the lu‘ad-discharge char- 
acteristic witliout alteiing the 
specifi<‘ spec’d. 

215. Terminology of Char- 
acteristics. In order to identify 
the tw^o distinct shajx^s shoMii in 
Figs. 142, 144, they are given the names : - 

(i) Stable hi ad -discharge characteristic , 

(ii) Unstable hi ad-discharge characteristic. 

In a stable cur\(' there is only one rate of discharge coriespond- 
ing to a s]K'cifled lu^ad (except ])erhaps at very small percentage 
flows), while if tlie curve is unstable there may be two. Thus 
according to the unstable curve seen in Fig. 136, a head of 120 
ft. can be associated ('ither with a discharge of 60 g.p.m., or 
a discharge of 950 g.]).m. ; nor is it possible to be sure which of 
these the purii]) may choose to deliver. In some kinds of in- 
stallation this uncertainty may have such dangerous con- 
secpiences that pumps w'itii unstahl(‘ characteristics cannot be 
accepted at all, § 346 (ii). 

Allied with the two classes of liead-discharge curve there 
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are two corresponding types of power-discharge characteristic. 
They are illustrated in Fig. 144 and they are entitled : — 

(iii) Non-overloading curve which is related to the stable 
head-discharge curve. 

(iv) Overloading power curve, related to the unstable head- 
discharge curve. 

The reason for the diversity of shape is fairly clear. Under 
corresponding increased-flow conditions, for instance, tlie stable 
curve indicates a lower head tlian the unstable curve, but there 
is nothing to suggest that there is any substantial difference in 
efficiency. The equivalent power curve should therefore also 
be lower, which is indeed what we find. As for the terminology, 



FiO. 144. — Contrasliii;:; typos of lioad- and j)owcT-cliara(*t(‘ristiOK. 


“ non-overloading ” suggests that the motive unit driving the 
pump will never have to yield more than a known maximum 
output ; it cannot be overloaded because the curve rises to a 
limiting height. Fig. 144 (iii). But tlie ‘‘ overloading ” curve 
continues to rise indefinitely. 

216. Other Methods of Controlling the Character- 
istic Shape, (a) In Centrifugal Puinps. (i) The diameter 
ratio di/d 2 > § may have a slight effect on the run of the head- 
discharge curves, especially near the zero-discharge point, 
(ii) Comparing two pumps having identical rotors, the machine 
with volute-type recuperator might have characteristics slightly 
different from the machine with a diffuser-type recuperator, 
§§ 44, 45. (iii) In multi-stage pumps there is the possibility 
of using in successive stages different impellers and different 
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recuperators. Thus some of the stages might have volutes 
and some diffuser-rings (^). The overall effective head 
generated by the pump at various rates of flow will thereby 
follow a characteristic intermediate between the individual 
characteristics of the separate stages. 

(6) In Propeller Pumps, (i) The presence or absence of inlet 
guide-blades, Fig. 68, has a marked effect at low percentage 
flows. Without the guides there is no doubt that pre-rotation 
occurs-— the liquid before reaching the rotor has already ac- 
quired a tangential velocity component, which prevents the 
rotor blades from im})ressing on the liquid the head tliat we 
should expect. The fixed inlet blades discourage this motion, 
and the effective head is consequently higher, Fig. 145. (ii) The 
advantage of the variable-pitch propeller, § 104, is very well 
shown in Fig. 146. (\)nsideriiig the blades of a pump so fitted 
to be tem])orarily s<'t in turn at each of six different positions, 
I, II, III, etc., then for eacli ])osition a head discharge and an 
efficiency-discharge cl laract eristic could be obtained, exactly 
comi)arable with tliose ])lotted in Fig. 138. These are seen in 
Fig. 146. But at tlie constant working head — in this instance 
5 metres— the ])uin]) is manifestly running nearly at the peak 
of its efficiency. In jiractice, the desired discharge is obtained 
by hand regulation of the rotor blades ; and at whatever per- 
centage flow is select c‘d, the pum]) efficiency will ap])roach the 
highest value tliat a machine of this general type can possibly 
yield. 
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217. Total Range of Pump Performance. Having 
observed liow changes in rotor shape or changes of head or 

dis(;harge can infiuejice tlio be« 
havioiir of a pump running at its 
designed speed, we can proceed to 
study the effects of changes of : — 

(i) Speed of pump. 

(ii) Size of pump. 

(iii) Liquid pumped. 

TJie term Universal Flow Con- 
ditions ” im])Iies, then, that we 
must be })re])ared to deal with 
pum])s of any size or shape, run- 

Fk. <.f .ni.t at any BjK^cd, delivering any 

I, ladles, (§ 21 G.) liquid at any rate oi dis- 

cjiarge against any head— sub- 
ject, of course, to reasonable limits. 

Pump Behaviour at Varying Speed 

218. Equivalent Design Conditions. Speed variations 
have already been examined in an elementary fashion in § 53. 
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That paragraph showed that if the head and discharge were 
suitably adjusted, the speed could be altered without altering 
the efficiency. It was essential to regulate the variations so that 
the speed ratio </> and the flow ratio 0 themselves remained flxed, 
from which it followed that the variables were linked by these 
relationships : — 

Discharge oc S];)eed, 

Head oc (Speed) 2 , 

Power oc (Speed)^. 

If an actual pump is running at a speed below its designed speed, 
and the discharge is controlled so that these requirements are 
as nearly as possible fulfilled, then it is convenient to say that 
the pump is working under equivalent design conditions. When 

Position of Blades 



Discharge , Litres/sec. 

I^IG. 146. - -ChiiractoristK'S of variable -])it eh ])n»i>eller-puinp, at constant. 
sj)ee(l. (§ 216.) 


“ design conditions ” have been established, we understand 
that the pump efficiency is the maximum attainable at the 
designed sliced N Similarly when the pump is running at any 
lower speed the highest efficiency for that reduced speed 
will only prevail if " equiA^alent design conditions ” have been 
fulfilled. According to tlie idealised treatment of § 53, these 
two values of maximum efficiency were identical ; but test-bed 
results show that in fact they are not equal. The discrepancy 
can be understood by carrying througli an analysis of relative 
power losses on the lines of §§ 180 to 194. As this depai-ture 
from ideal conditions may make it impossible to achieve simul- 
taneously the three basic relationships just enunciated, we may 
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henceforth stipulate that the discharge will accurately be re- 
gulated in direct proportion to the speed, the head and power 
being left to adjust themselves as well as they can. Thus we 
can be sure that all velocities, whether of tlie rotor or of the 
liquid, will also vary directly as the speed, 

219. Influence of Pump Speed upon Energy Losses. 
On the understanding, then, that equivalent design conditions 
prevail, viz., that Q oc N, the analysis can ])roceod thus - 

(i) Mechanical Loss. In a given pump, the correlation between 
speed N and mechanical power loss § 188, will probably be 
of the form where the \alue of tlie exponent m 

may range from about 1 to 2, de])ending upon the tyi)e of 
bearings and stuffing-boxes. Although we are no longer sure 
that the input jDower will vaiy exac^tly as the cube of the 
speed, we shall find later on that the de])arture is not serious, 
and thus for present ])ur 2 )oses we may si ill wi ite jnovisionally : — 
P^ — k^- N^, Thus the relative me(*hanical loss P^/P^ may 
be written : — 

k^N^ 

The value of this ratio evidently inenases as the speed drops. 
(The symbols k-^, k^ . . . denote constants ap 2 )lying to a par- 
ticular pump.) 

(ii) Disc Friction Loss, Acce})ting formula (13 — 3), § 190, 
as a permissible expression for the disc friction ])ower loss, tjien 
for a given pump using a glvtn li(]uid the i elation betwee^n 
speed and power loss can be simplified thus : — 

Pa =- k,.N^ 85 

It follows that the relative disc friction loss 

Pa k,, 85 

also increases as the speed decreases. 

(iii) Leakage Loss. According to §§ 83 and 192, the rate of 
flow of the leakage liquid in a given pump may provisionally be 
expressed : — 

Accepting tentatively the ideal law H oc we And that 
the leakage power loss P; may be written 
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Pi = Ca.h. HVH ^Ga.h. N\ 

Thus the value of the relative leakage loss is : — 

C,.K. 

k^.N^ ' 

Apart from variations in the coefficient C a, then, the relative 
leakage loss appears to be independent of the pump speed. 
But it is improbable that this coefficient will in fact remain 
unchanged. On the contrary, experience with small circular 
orifices indicates that tlie coefficient will increase as the flow 
diminishes. If this is true also for annular clearance spaces — 
and there is strong evidence to support this belief — then it 
seems likely that tlu' relative leakage power loss will increase 
as the pumj) speed falls. 

(iv) Hydraulic Power Loss. As the liquid flows at a rate Q 
thi ough tlie puni]) ])assages, it undergoes a total energy loss per 
unit weight of II of which hf re])resents friction losses and hi 
re})rescnts eddy loss<\s, § 194. If each passage behaved as a 
smooth circular ])ii)e d<K*s, then the relationship between friction 
loss and discharge would be about : h^ — The eddy 

loss on the other hand would always be re])resent(‘d by 

k^ . Q^. 

These equations indicate that in the actual pump the conditions 
may fairly be described in some such way as this : — 

k, . 

From § 195, it follows that the hydraulic power loss can be 
written : in . Comparing this value 

with the value of the input power P^ — k\ . we note tliat 

Here also, tluui, the value of the relative power loss rises as the 
pump speed falls. 

220. Relation between Speed and Efficiency. It will 
now be manifest why lowering the speed of the pump will also 
lower its efficiency. Each of the termsA &5 Ad, An and A a tends 
to rise as the speed falls, and tlu^refore the value of the gross 
efficiency — 1 — As - - Ad — Ai — A*, § 187, must in- 
ovitably diminish. We can also form an impression of the 
rate at which the efficiency declines. If we admit that the three 

261 



ROTODYNAMIC PUMPS 


§220 

chief relative power losses are all of the form where x 

is a fractional exponent having the vtilue 0-1 to 0*2, it follows 
that the losses are at first little affected by si^eed changes ; 
only when the speed has fallen to perhajis half its designed 
value or less is the corresponding efficiency likely to be seriously 
impaired. This prediction is fully confirmed on the test-bed. 
In Fig. 147 (ii) a typical graph is plotted between observed 
percentage speed, and observed percentage efficiency, for a 
pump running always under equivalent design conditions. 
The reasoning of §§ 219, 225 will suggest that for large 
pumps the upper or working part of the curve may be flatter 
than the diagram shows while for very small pumps it may 
be steeper. 



Fkj. 147. - iHU'foi’jnanco uiidor (‘qiiivaloiit dc'sigii conditions 


The various graphs in Fig. 147 ser\'e as a coin])lete statement 
of how a pump responds to equivalent design conditions. At 
(i) there is shown the (nearly) ])arabolic relationship between 
speed or discharge, and head. Since at low speeds the relative 
hydraulic power loss may be slightly greater than it is at high 
speeds, § 219 (iv), it seems j)robable that the head will increase 
slightly faster than the law H oc indicates. The individual 
points in Fig. 147 (i) relate to speed increments of 10 per cent, 
of full speed ; they show how very sensitive to speed changes 
the head becomes as design conditions are approached. This 
curve is reproduced again in diagram (ii), so that the respective 

202 




UNIVERSAL FLOW CONDITIONS §221 

variations of head, discharge, shaft horse-power and efficiency 
may be compared. By this time, it should be clear that the 
speed : power curve climbs slightly more slowly than the ideal 
law T oz requires. 

221. Characteristic Curves at Reduced Speed. Let 

the pump continue to run at a steady speed less than the de- 
signed speed N d- But now we no longer intend to be bound by 
“ equivalent design conditions Instead of restricting the 
discharge to the one value that these conditions dictate, we are 
going to regulate the delivery throttle-valve so as to give in 
turn a series of different discharges, allowing the head to 



Fig. 148.— Family of hoad-ciiscliargo charHctoristicK for eontrifugal ]>unip^ 

conform as it pleases. Tlie resulting observations will yield 
characteristic curves similar in general shape to the original 
characteristics which served to describe “ design conditions ”, 
§§ 212, 213. Curves for other s})eeds can in turn be ])lotted, 
forming groups or tamilies of gra])hs such as are reproduced in 
Figs. 148, 149, 150. (Example 23) 

The head-discharge charact^eristics in Fig. 148 relate to a 
centrifugal pumj) wliose design conditions arc : — 

Si)eed — 960 r.p.m. 

Head -- 34 m. 

Discharge -- 195 lit. /sec. 

The reduced speeds are res])ectively 880, 800, 720, and 640 r.p.m. 
Just as in Fig. 147, the “ design point ” and the ‘‘ equivalent 
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design points lie on a (nearly) parabolic curve. Since these 
particular head-discharge characteristics are clearly ‘‘ unstable ” 
ones, it is not surprising to find that the corresponding power- 
discharge curves, Fig. 149, are of the overloading ” type, 
§215. In regard to the discharge-efficiency characteristics. 
Fig. 150, it is to be noted that a curve passing through the 
maximum-efficiency point of each graph would have the same 
general form as the tyj)ical curve plotted in Fig. 147 (ii). 

222. Iso-efficiency Curves. Taken in conjunction, the 
three sets of characteristics shown in Figs. 14S to 150 quite 
effectively describe '' universal flow conditions for a particular 



Ftg. 149 — Powei disc huigo ( huraf tonstic s, ( orT( spoiidiug w itli Fig M8. 

pump working with a particular liquid, viz. water. Tiiey tell 
us what speed and power would be recjuired to force any 
desired quantity of liquid against any stipulated head, within 
the capacity of the ]>u)np (Example 24). By tlie use of ?\so- 
efficiency curves the same information can l)e ])resented much 
more com})actly : one diagram serv^es instead of threc\ In 
principle a three-dimensional construction is involved. Two 
horizontal axes seiv(' as scak*s of reference for discharge and 
head resjiectivcly, Fig. 151, while the thiid or vertical axis 
serves for efficiency. On the horizontal ])lane, normal head- 
discharge characteristics are jdotted exactly as in Fig. 148, and 
from approjiriate ])oints on those cuives, ordinates repres^^nting 
efficiency are erected. If the resulting efficiency curves were 
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jjrojocted on to a vertical plane, they would form a diagram 
comj)arable with Fig. 150. But what we now wish to study is 


b’lo. loO. 



Uis(haig<‘ ( har.u t(‘rist Jts, ( orrospondiug w ith Fig. 148 . 



Fio. 151. — 'Dinv diJDonsioiml plot of coinpl(‘te pump performance. 

the curved ,surfac( enveloping the efficiency curves : it lias the 
form of a curved ridge whose crevst is marked by the trace of the 
successive ecpii valent design points At one end this crest 
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slowly rises to the summit which represents the maximum 
efficiency at the design point ; at the other end the crest rapidly 
falls in a kind of arete to zero level or point of zero head. 

To represent this three-dimensional surface on a two- 
dimensional diagram, we use just such a system of contour lines 
as serves for showing on a map the shape of a topographical 
surface. Here the contour lines, Fig. 151, will be lines of uni- 
form efficiency instead of uniform altitude. When tliey are 
projected vertically downwards on to the head-discharge dia- 
gram, they are given the name iso-efficiency curves, and the 
resulting composite diagram has the form shown in Fig. 152. 
In an ideal pump in which the variable influences described in 



Discharge, - litres/ sec. 


FlO. 152. — Cornplol-e c'harac t<‘ri8tics for ritugal jainip, Jiicludnig iso- 

efficH'ncy curves. (Sec P'lgs. 148, 149, 150.) 

§219 could be disregarded, the iso-efficiency lines would them- 
selves be jiarabolic, ranged on either side of the parabola that 
marked out equivalent design conditions, and all meeting at 
the origin or zero point of the co-ordinates. In fact these 
parabolas are distorted into the shapes indicated in the figure. 

The perspective model, Fig. 151, is needed for illustrative 
purposes only. The construction actually used for de- 
veloping iso-efficiency curves is as follows : drawing across 
Fig. 150 a horizontal line representing an efficiency of (say) 
60 per cent., we note tlie rates of discharge at which this line 
cuts the efficiency curves, at various speeds, and we transfer 
the resulting values to the corresponding head-discharge curves, 
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Fig. 148. A smooth curve drawn through this set of points 
then yields the 60 per cent, iso-efficiency line. By repeating 
the process for other values of efficiency, we obtain the complete 
series, Fig. 152. (Examples 24, 25) 

223. Performance at Standard Speed. There is still 
another means of condensing the information provided by 
Figs. 148 and 149. Instead of plotting observed values of liead, 
discliarge, and power at a stated speed, we might plot computed 
values showing what the head, etc., would be at some chosen 
standard speed — say a speed of 1000 r.p.m. — always assuming 



D/schar^e at 7000 R.P.M -/itres/sec 

Fjg. 153. — (\*iitriiugal jaiinp ix^rfonnancp at standard speed of 1000 r.p.m., 
tran^posod from Figs. 148, 149 


that tlie appropriate ideal relationships remained applicable, 
§§ 53, 21 8. Let the observed values at a speed N be //, Q, and 


P, Tlien according to tlie ideal law's of affinity, the plotted 


1 T r/ /1000\ ^ 

values w'ould be 11 x ( -^1 , Q X ( ^^^d P 



By this method tlie mean curves in Fig. 153 have been prepared 
from the data used for Figs. 148 and 149. The manner in 


wliich the individual points lie on the mean curves or noticeably 
drift away from them forms a highly illuminating commentary 
on what was said in §§ 219, 220. By reason of the accurate 


alignment of the “ head ” points we may infer that the affinity 
law H cc is very nearly realised in practice. The scatter of 


the “ powder ” points, on the other hand, is clear evidence that 
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tlie true value of the exponent n in the expression P oc iV” is 
slightly less than the ideal value 3. 

For the daily work of the engineer and designer, the char- 
acteristics directly plotted in Fig. 152 are more likely to be 
useful than the derived curves of Fig. 153. 

Behaviour of Geometrically-similar Pumps 

224. Effects of Change of Size. In tlie ideal conditions 
postulated in § 54, it was found that j)umps of the same geo- 
metrical shape, but of different sizes, would generate equal 
heads at equal efficiencies if : — 

N oc 1 II), 

Q oc 

As before, the symbol D is generally repr(\seutati\e of rotor 
diameter, and the stipulation of uniformity of shape means tliat 
all the rotors to be compared neeessaril}. Jia\(‘ the same specific 
speed or the same shape number. 

For pumps of the same uniform shape but of auy size, 
running at any speed, the laws to ensure consiant maximum 
(ideal) efficiency were exposed in § 55, viz. : — 

Q oc ND^ 

H oc 

whence P oc N^D^. 

Before applying these laws to actual pumps under working 
conditions it will certainly be necessary 1o examine the relative 
power losses, as in § 219. But there must also b(^ another <m- 
quiry. Is it really possible to attain true geometrical simi- 
larity ? In a very carefully built scak^ model the de23artures 
from perfect resemblance may only be trifling, but it is most 
unlikely that a small commercial pump will be a correct re])lica 
of a large pump of the same nommal shap(\ In comiiaring the 
efficiencies of the two machines, the effects of any such lack of 
similarity cannot be ignored. 

225. Relation between Size and Efficiency. Instead 
of following step by step the line of argument developed in 
§§ 219, 220, we may profitably choose a more general treatment 
here (^). In a very broad sense, it seems likely that the gross 
relative power loss in a rotodynamic pump is linked with a type 
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of Reynolds number having the form 



This compre- 


hensive dimensionless expression includes terms representative 
of (1) rotor velocity, (2) rotor diameter, (3) kinematic viscosity 
of liquid. 

Guided by experimental evidence, we may provisionally 


writer : — 


Gross relative power loss At — — ) > 

( V l)\^ 

— -j , , (15-1) 


wliere the exponent y may have an average value of about 
- 0*2. At least thesis exx>ressions tell us concisely what is in 

fact true, that eitlu^* (i) reducing velocities in the i)ump, or (ii) 
reducing the rotor diameter, or (iii) increasing the kinematic 
viscosity of th(‘ li(|uid, will reduce the pump efficiency. 

Since rim velocity is proportional to ND, and since the 
value y — 0-2 can be accepted for present purposes, the 
above exj^ix'ssioiis can be trans])Osed thus : — 

K 

(;ro8sefficiciu‘y -1--^^-^-- . (15-2) 

where K is a factor wliich is constant for a given shape number 
and licpiid. The value of this factor K can only be found by 
actually measuring the pump efficiency ; but when once a 
figure has been obtained for one pump, the efficiency of any 
other geometrically similar x)umi) could be forecast with the 
help of a gra])h siu^h as Fig. 154. This is a plot of equation 
(15-2), ada])1cd for a range of x)umx)s in whicli the speed N is 
held steady. 

226. Application to Model Tests. It is in interjDieting 
tlie results of jnodel tests, §§ 183, 184, that the above formulae 
are likely to be particularly useful. From the data collected 
while the scale model ])um]) is on the test-bed, how can the 
X^erformance of the full-s<‘ale ])rototy])e be ])redicted ? There 
would be little difficulty if the formula} were clear-cut and con- 
sistently reliable. But they are not : wt may not even know 
the value of tlu' (jonstant /v, although we arc fairly sure that 
it varies from one type of pump to another. 

If test s on one size only of model are possible, it follows that 
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considerable judgment and experience must be brought to bear 
before much guidance can be extracted from the test results. 
If models of two different sizes were tested, reliable forecasts 
might then be within sight ; having established two points on 
a curve such as Fig. 154, it would be reasonably safe to extra- 
polate up to full-scale conditions. Of course, the ideal com- 
bination would be a comprehensive series of tests on models, 
intended to settle the shaj^e of pumj) that would give the 
desired characteristics, folio v^ed by one final efficiency test on 
the finished full-scale pump. (Example 26) 

Some comments upon the most suitable scale to ado])t were 
given in § 184. Here it is worth remembering what was implied 
in § 224 — that the larger the model the more nearly can true 
geometrical similarity be achieved. Experience suggests that 
the scale should lie between I and | : the diameter of tlie model 
rotor should be anything from J to J that of the full-size' rotor. 

227. Application to 
Series of Pumps. In a 
range of standard i)umps 
built for sale and subsequent 
use in normal working con- 
ditions, it is no longcT reason- 
able to expect til at they will 
exactly fulfil the laws of geo- 
metrical similarity^ Almost 
cc'rtainly the relative rough - 
nc'SH of the passages of rotor 
and casing will be greater in 
a small pumj) of tiie series 
than in a large pumj). In the 
small pump the rotor blades 
may be relutively thicker than in the large pump ; similarly the 
clearance between the impeller eye and the casing may be 
relatively greater. All such discrej)ancies tend to increase the 
total r(‘lative power loss of the small pump beyond the point in- 
evitably fixed by the change in size of the pump, § 225. This 
implies that the curve between rotor diameter and efficiency 
will fall rather faster than is shown in Fig. 154. Alterna- 
tively, wo might say that the equation between efficiency and 
size given in § 225 should be modified thus : — 
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jg- 

~ 1 2J50 45' • • (^5-3) 

It is such trends as these that a maker must rely upon when 
the range of pumps of a given general shape number is to be 
extended to larger sizes. That these tendencies might be ex- 
pected was shown in Fig. 53 ; there the size of the pump was 
expressed in terms of its power output, § 91, but since the output 
of a rotor of a given shape ultimately depends upon its speed 
and diameter, it follows in a general way that Figs. 53 and 154 
are in harmony. 



Fig 1 Noil tliin( nsu^iiul plotting of h< ad disihaige c harai t eristics for 
various tv pcs ot ])unips The* nuinbeis give the shajie number at tho 
lesjic'tivi* design junnts shown bv (iides 

228. Universal Non-dimensional Characteristic 
Curves. Just as a single curve in Fig. 153 served to show the 
head-discharge relationship for a given pump ruiming at any 
speed, so we may now plot a curve applicable to any size of 
rotor (of a given sliajie) running at any speed. It will be still 
further illuminating if we collect on a single sheet a number of 
these curA^es, Fig. 155, in such a way as to show how rotor shape 
affects rotor performance. Each curve is based on test figures 
taken from an actual pump. As representative of the head we 
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may choose the head developed by a rotor of unit diameter 
running at unit speed, — ; or still better, the character- 




istic head nvmber, 


gH 


(»>■ 


, §56. Tlie corresponding term 


representing discharge is the characteristic discharge nimber, 

Q 

— . Here are graphs that, within their own limits, 


i-V 

\6oy 


are truly universal ; not only are they in(le])en(lent of size or 
speed, but because tliey are expressed in non-dirneusiorial terms 
they are independent also of the units employed, so long as 
these ar(‘ consistently chosen, § 56. Natiuallj the curves 
cannot take into account the slight de])art ur(‘s fiom the basic 
affinity laws examined in §§ 220, 225, and 231. 

The chief value of Fig. 155 is that it reinf(>r(*es so gra])hically 
the information presented in Fig. 35. The carlk^r diagram showed 
how rotor sha})e influenced pump ])erformanc(‘ at tin d( sign point 
only ; the juesent diagram extends tJie range of information to 
cover any region of performance. (Example 27) 


Influence of the Working Medium on Pump 
Behaviour 

229. Types of Working Medium. The term “ working 
medium ” is here used to describe in tlu* broadest s(mse the 
substance actually passing through the ])um]) ])assages at any 
moment. The word “ liquid ” or even ‘‘ fluid ” might have too 
restricted a significance. It is triu* that most ])um})s are 
supplied with liquid only— usnally water. But sometim(\s the 
liquid has a considerable load of solids, § 146 ; or it may be 
mixed with air or with vapour, § 249. For sj)(H*ial |)ur])oses 
the pump may be run with nothing but pun' air flowing through 
its passages, §§ 236, 237. »Just as paragraplis in Chapter X 
described modifications in design to meet su(*h unusual condi- 
tions, so the following paragraphs indicate how the pcTformance 
may be altered. As a standard of performance by which tlic 
modified performance may be judged, it will often be convenient 
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to accept the behaviour of the pump when handling (nominally) 
pure water at atmospheric temperatures. With the pump 
running at a selected speed and rate of discharge, what will be 
the effect on {a) the head generated, (6) the pressure-difference 
generated, (e) the power input, and {d) the effieieney, if the 
clean water is replaced by the specified working medium ? 

230. Effect of Change of Density. Let us first assume 
that the viscosity of the new liquid is substantially tlie same as 
the viscosity of water or at least that the difference between 
the two will not sensibly alter the relative friction losses in the 
pump passages, § 231. At once we can answer question {d) : 
we can say that the pump efficiency will remain virtually un- 
changed, Moreover, since all velocities remain as they were, 
whe'tluT of the rotor or of the liquid, it follows that the head 
also remains constant. But sin(‘i‘ pressure — head / density, 
§ 1G5, we se(^ that the pressure difference wH change in pro- 
portion to the cliange in density. 

If subscri])ts relate to water, 

,, j relate to working liquid, then 


Pa 

pi n 


(Umsif y of liquid 
density of water 


— R.G. of liquid. 


In regard to j^oiver input, the relationships are : — 


i\l VelQ 


J\h PeuQ 

Thus, both the input pow'cr and the output power for a given 
volumetric discharge \ary in proportion to the densitj\ 

The general effect of these changes is de])icted in Fig. 156, 
w^here com})arative characteristics for a two-stage pump are 
plotted 

231. Effect of Changes of Viscosity. Considering now’^ 
a series of liquids of ])rogressi\ ely increasing viscosity, ranging 
from water or spirit up to thick, heav y oils, we may expect to 
reach a point at which the pump is no longer insensitive to 
viscosity changes. In taking into account the subsequent 
effects, whicli w'ill doubtless become more and more marked 
as the liquid gi‘ows thicker, we cannot ignore the influence of 
density changes ; the two effects must both be re(*ognised, and 
in fact they nearly always operate simultaneously. Liquids 
that are much more viscous than water almost invariably have 
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a density greater than or less than that of water. In this 
paragraph and the companion ones, the influence of viscosity 
is to be studied separately. Taking a broad, practical view, 
the onset of the resulting deterioration of performance can be 
divided into three phases : — 

(i) Small increases of viscosity, in relation to the viscosity 
of water which is taken as standard, produce only a 
negligible effect on the pump -[lerformanee, § 230. 

(ii) Larger increases liave little effect upon the h^ad 
generated, but the pump (fficimcy noticeably decline's. 

(iii) With still more viscous liquids, both the head and the 
efficiency are seriously reduced in relation to their 
values when water flows through the pump. 



Fio. irn; — (\)in])iirisoii ]>uin]) Moikmg A\ith watrr and woikiiip with 

oil (Disthargo plotiod volnmctricallif ) 


No precise limits can be assigned to these successive stages. 
In the very roughest way, it may be said that if tlie pump 
impeller is about 1 ft in diameter, then phase (i) may end when 
the liquid viscosity lias risen to about 0-1 poises, and phase (ii) 
when the viscosity reaches 0-3 poises. That is to say, phase (ii) 
relates to liquids that are between ten and thirty times as 
viscous as cold water (*) 

In trying to explain these observed effec'ts, why should we 
not apply the general equation for pump efficiency (15-1), de- 
veloped in § 225 ; for the influence of viscosity on efficiency 
was there clearly foreshadowed ? The reason is that the pro- 
portional changes now in question are far more extensive than 
they have hitherto been. Variations in speed or diameter have 
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only involved a ratio between minimum and maximum values 
of perhaps 1 to 6 ; but we may have to deal with a range of 
viscosity variations of the order of 1 to 100 or 1 to 1000. In- 
deed, a single diagram, e.g.. Fig. 157, may embrace information 
about the behaviour of liquids whose kinematic viscosity varies 
from 0*01 stokes to over 40 stokes. It is hardly likely that such 



Fio. 157.— Graplis showing how dmiigos of vis(*()sit> of liquid atloot 
puiii]) porforinani e 

a diversity of licjuids will follow a common law while traversing 
the pump passages ; sometimes they obey the turbulent regime 
of flow and sometimes the laminar regime. Whatever correla- 
tion there may be, then, between Re^>molds number and pump 
performance*, it will almost certainly l)e too complex to be of 
much use to tlie engineer. At present he must rely upon a 
cruder analysis of experimental data. (Sec also § 190 [5].) 
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232. Changes in Pump Characteristics. To find out how 
a given pump responds to viscosity variations, the most effective 
method is to run the pump first on water, and to take from it a 
complete set of constant-speed eharacteristics. Then another 
liquid — say a thin oil — is substituted for the water, and another 
set of curves plotted. Thicker and thicker oils are in turn tried, 
always with the pum]) speed held steady, until the perform- 
ance has fallen far below what would be tolerated in practice. 
When all the resulting graphs are plotted on a single sheet, the 
picture has some such form as Fig. 1 57 (i) ; the ceutiifugal xjump 
here in question has 8-in. branchesand a 1 5-in. diameter impeller. 

As we should expect, the curves show that for a given sx)eed 
and rate of discharge, the head and the efficiency decline as the 
viscosity increases, while the S.H.P. iiqnit rises. Tt is true that 
the power curves are not in the strictest sense com})arable ; 
they include the effects both of viscosity and of dcuisity, § 2.‘U. 
But their trend is clear enough(^). 

The rate of cliange of the variables can more clearly be per- 
ceived by jilotting them directly against kinematic viscosity, 
as in Fig. 157 (ii). Suitable values are here directly transferred 
from diagi*ani (i), relating to a selected rate of flow of 1500 
gall. /min. 'J^he curves show what degree of importance should 
be attached to the notion of “ jihases ” used in § 231. Although 
the range of viscosities is so great that jihases (i) and (ii) cannot 
properly be discerned, yet there is nothing in F]g. 157 (li) to 
hint that there are any discontinuities in the correlat ion b(‘t w(*en 
viscosity and performance. Changes in ])erformance ])iobably 
extend right down to the lowest limits of viscosity ; the con- 
ce^rtion of phases is jmrely arbitiary, serving merely to indicate 
when certain variations become perccqffible. 

233. Combined Effect of Viscosity and Diameter. 
From the reasoning of § 231, wo may infer that the more viscous 
the liquid, tlie more sensitive will the ])erformance become to 
variations in impeller diameter ; that is to say, the type of 
variation studied in § 225 will become more pronounced. For 
instance, if the experiments summarised in Fig. 157 were to be 
re^jeated with a smaller pumj), but using the same kinds of 
oil, it seems likely that the characteristics would diverge still 
more widely from the standard water characteristics. 

(Example 28) 
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Performance iigures supporting this inference are plotted in 
Fig. 158. They have been abstracted from test results on a 
range of pumps having impellers of various sizes, and of shape 
numbers between about 60 and 120. The oils used ranged 
in kinematic viscositj^ from 0*25 stokes to 4 stokes. Estimated 
average values of head and efficiency, at the rate of discharge 
corresponding to the design j)oint for wate^r, are plotted against 
impeller diameter in the manner ])roposed in § 229, viz., as a 
percentage of what tlie equivalent values would be with water. 
Because the puTn])s concerned are not geometrically similar, 
but have the shape usually associated in practice with 
the respective impeller diameter, the graphs are indicative of 
genera] trends only rather than of ])recise laws(^). Nevertheless 



Fici. 158. — CompHratJvo piuii]) performanco iiiKitT (•onditjoii«> of varyinp^ 
sha])o mnnlKir, \arying imjM'llor dminoter, and \cirMng licpiid viscosity- 

the lesson they tc^ach is clear enough. To achieve a tolerable 
efficiency when pumping liquids of high \iscosity, only a rela- 
tively large jmmp will serve. For handling small quantities of 
sucli li(piids, centrifugal jmmps are radically unequitable. 

234. Other Considerations. {\)tipcid. Undoubtedly the 
efficiency of ])umj)s handling viscous liquids is susceptible to 
speed changes, but the effect is now far too complex to fall within 
the relatively sim])le treatintmt used in § 220. 

(ii) “ Universal Characteristics. As the liquid viscosity 
rises, so must we lose hope of plotting any such universal ” 
characteristics as were presented in Fig. 155. In order to 
predict witli complete accuracy the performance of any given 
pump, it would really be necessary to plot for each liquid and 
for each size of pump a separate family of constant-speed 
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characteristics. But a range of graphs of some such form as 
Figs. 157, 158 usually gives guidance for many industrial 
purposes. 

(iii) Temperature, Although temperature changes have not 
so far been specifically mentioned, yet by their effect on liquid 
density and viscosity they manifestly exercise a highly impor- 
tant influence on pump behaviour. The density of water falls 
by more than 4 per cent, as its temperature changes from 
freezing-point to boiling-point ; while if the water attains the 
temperature often found in steam boilers, the reduction in 
density may be 15 per cent, or more. These changes, of course, 
affect only the power input to a pump and tlie pressure difference 
generated, § 230. The density of oils and liquid organic com- 
pounds generally is much more susceptible to temperature 
changes ; but it is the corresponding changes in viscosity that 
have the predominating influence on pump performance. A 
temperature rise of a few degrees only may sometimes halve the 
liquid viscosity. 

235. Effect of Suspended Solids. When water carries 
with it a load of suspended solids, § 146, tlie mixture behaves as 
though it were a new liquid of greater density and greater vis- 
cosity than pure water. Such mixtures will affect the pumj) 
behaviour much as \ iscous liquids do, §§ 231 to 233 ; but because 
of the diverse nature of the constituents of the mixtures it is 
not practicable to frame even such general rules as scTved for 
those pure liquids. Thus, water charged with say 5 per cemt. 
of wood-pulp or paper stock is quite difficult to pump economic- 
ally ; with such a mixture the pump efficiency may be only 
50 per cent, of the corresponding value with pure water, and 
to achieve even this moderate result the discharge must be 
reduced much below the “ design ” water discharge. 

It must be remembered, too, that the original design of 
the pump passages, § 149, may necessarily have been modified 
in such a way that the basic efficiency is already impaired. 
An extreme example is provided by the pumps used in suction 
dredgers. The impeller may have only four radial blades, 
adapted to a mud-and-water mixture whose specific gravity 
may rise to 1*6. 

236. Pumps working with Air. If the correct relation 
between speed and discharge is maintained, a pump running on 
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atmospheric air may still remain a satisfactory machine judged 
by rotodynamic standards. It still generates its stipulated 
head : but now it is ‘‘ head ” of air and not of water. As 
§ 230 shows, the ratio between the corresponding pressures has 
a value of about g-J o-. Many pumps when running at their 
normal speed would thus generate quite an insignificant pressure 
difference — as fans or blowers they would be judged ineffective 
— but sometimes on the test-bed useful information can be 
gathered in favourable conditions by measuring this pressure 
difference, § 183. Such tests reveal fairly accurately the shape 
of the head-discharge characteristic, but are of little value in 
predicting the power that would be required with the working 
liquid. The reason is clear : on test, the output power is only 
about -g^Q of what it would be under working conditions, while 
on the otlier hand the meclianical power loss due to bearing and 
stuffing-box friction remains 
virtually unchanged. This 
means that during the air 
test the rehiiive mechanical 
power loss, would be dis- 
proportionately high. In 
any event it might be diffi- 
cult to measure with suffi- 
cient precision the compara- 
tively small power input 
involved. 

Models specially built for 
testing with air may be re- 
I)roduced either full-scale or to a reduced scale. As the casings 
may now be of wood or plaster or similar easily-worked material, 
modifications as dictated by successive U'sts are even simpler to 
carry out than when water-test models were used, § 226. The 
very close accord between the two head-discliarge character- 
istics plotted in Fig. 159 shows how helpful this technique can 
be (^). One of the curves relates to a full-scale pump working 
on water ; the other to a model one-third full-size, working 
on air. 

237. Model Pumps working with Compressed Air. Com- 
paring compressed air with atmospheric air as a testing medium 
for scale-model pumps, we at once discern two very clear 
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advantages : ( 1 ) Because of the greater density of the compressed 
air the pressure difference generated by the model pump is 
sufficiently high to be measurable with considerable precision, 
(2) similarly, reliable observations of power in])ut can now be 
taken, especially as the si)ecial construction of the model will 
greatly reduce the problem of stuffing-box friction. But there 
is still another advantage. As the air pressure rises, the kine- 
matic viscosity of the working fluid falls ; and if tlu^ speed of 
tlie model is kept steady, the result will be that the Reynolds 

§ 225, will rise. According to earlier reasoning, 

^ / 

the efficien(*y of tlie model might be ex|)e<*ted to rise also. 

(Example 29) 

In order to profit by tliis relationship, the test procedure 
is arranged thus : The model is mounted in a closed circuit as 
described in § 183, faking care that a cooler is interposed to 

abstract from the air the heat 
(‘orresponding to the energy 
continually fed into it. 
Throughout the test, the 
model is run at a constant 
s])eed, as fast as is safe or con- 
venient. Successive tests 
are made with ])rogressively 
rising air pressures, until a 
maximum of 5 to 10 atmos- 
pheres is reached. When 
efficiencies are plotted against absolute* pressure, tlie curve has 
the form indicated in Fig. 160 ; the expected upward trend is 
fully re*aliscd (*). The regular shape of the curve, moreover, 
justifies its extension, as shown by the broken line, to the point 
corresponding with the Reynolds number of the full scale ])ump 
when working normally with water. Reading off against the 
efficiency scale the equivalent value of the model efficiency at 
that point, one could finally say that that value also represented 
the efficiency of the jirototype pump under its own design 
conditions. 

As a first apjiroximation to the truth, such an inference 
might be allowed to pass. But it would not satisfy a pump 
maker facing the responsibility of predicting the jxjrformance 

280 



Pressure^ in atmospheres 

Fig. 160. TnfliKMifo of air pro.sMirc on 
olTicioiicy. 


number ^ 




UNIVERSAL FLOW CONDITIONS §237 

of a large and costly pumping installation. Nevertheless the 
information yielded by the model tests, supported by all 
other available information, would be extremely useful. Here it 
remains to be pointed out that the curve in Fig. 160 is basically 
similar in shape to the efficiency curves of Figs. 147 (ii) and 154, 
as it should be if the reasoning of § 225 is acceptable. 
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238. Test Conditions and 

Installed Conditions. The 


title of this chapter at first looks a trifle discouraging ; it sug- 
gests that after tlie pump has been installed on site and has 
begun its regular work, it may behave differently from wJiat it 
did on the test-bed. There may indeed be such a difference, 
but more often than not the observed variations concern the 
installation as a whole rather than the pum]) itself. The varia- 
tions to be studied can be classified tlius : — 

(i) Effect of Pipe Circuit or Lay-out. Figs. 107 and 108 have 
already shown how a slight cliange in the external circuit can 
influence the flow through the pump. If, in the simj)le systems 
there illustrated, the static head had remained unchanged, 
nevertheless the interpolation of the lengths of pipe would 
certainly have reduced the pump discharge and increased the 
head on the pump, although the pump speed had not altered. 
As we have now learned to say, the pump performance would 
have moved to another point on its characteristic. It is our 
present purpose to examine all such possibilities of change of 
regime, whether caused by pii)es, valves, or other ])umps. 

(ii) Effect of Suction Head. Hitherto the effect of the suction 
head on the pumj) has been completely disregarded ; apparently 
the pump performance, as revealed by the pump characteristics, 
depends only upon the total or effective head § 162, and 
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not at all upon the height of the pump above the suction well. 
Yet there must ultimately come a stage at which the static 
suction lift or the manometric suction head begins to 
control the pump behaviour, because we are quite certain that 
if the pump were set more than a limiting distance above the 
suction-well water surface, the atmospheric pressure would 
never feed the liquid up to the pump at all. It is essential to 
know what those limits are, and to learn what liappens if they 
are approached or transgressed. 

(hi) Effect of Age or Length of Eerv ice. Mechanical wear, or 
other kinds of erosion or corrosion after prolonged service, may 
perceptibly alter the shape or condition of the working parts of 
the pump. Deti'rioration of performance wnll then certainly be 
expected. 

A sharp distinction is thus to be noted between category (i), 
and categories (ii) and (iii). The external circuit, (i), does not 
interfere with the internal working of the pump ; the relation 
between pump discharge, 'and effective head as measured across 
the pump branches, follows exactly the law that was revealed 
on the test-bed. But in conditions (ii) and (iii) the actual 
characteristics may be distorted, and thus the test figures do 
not necessarily give reliable guidance on w^hat the pump will do. 
These two conditions, moreover, may interact one upon the 
other. If the suction lift is excessive, the decline in pump 
efficiency implied in (iii), above, may progress much more 
rapidly than it otherwise would. 

Influence of Exteknal Circuit 

239. Methods of Controlling Head or Discharge. In 

practice we frequently have to depend upon intentional changes 
in the exk‘i*nal circuit for bringing about desired variations in 
the head or (lis(*harge of the pump (^). Some possibilities 
are 

(i) With the pump running at constant speed, we can re- 
gulate the hydraulic resistance in the external circuit 
by adjusting a throttle-valve, by changing liquid levels, 
etc. 

(ii) In variable-speed jmmps, there may be another rela- 
tionship between performance and external resistance. 
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(iii) The number of pumps effectively in circuit can be 
altered, e.g., two or more pumps can be disposed in 
series or in parallel. 

(iv) Combinations of these systems can be contrived. 

In choosing between various systems of regulation or 
between various combinations, the guiding rule should be that 
the pump efficiency must consistently be maintained as high 
as possible. Manifestly the best metliod would be to keep the 
pump running always on the line of maximum efficiency, 
§ 220, but it is very rare that this programme would be flexible 
enough to meet normal requirements. Nevertheless we can 
try to keep near the maximum-efficiency ‘‘ ridge ”, Fig. 151. 

In making a detailed analysis of methods of regulation, we 
naturally begin with those applicable to constant-speed pumps, 
because electric drive so often implies a fixed speed or a fixed 
range of speed. Graphical plotting of tlie \ariables is helpful, 

es])ecially if the same verti- 
cal scal(‘ is used for I’epre- 
senting both the hydraulic 
system itself, and the 
pump head-discharge char- 
acteristic. l^his has been 
done in the following dia- 
grams. 

240. Constant Speed, 
Constant External 
Head, Variable Dis- 
charge. (i) Dead Head Only, The j)unip discliarges through 
a short pipe, of assumed negligible resistance, into a constant- 
level reservoir, Fig. 161 ; in order to meet service fluctua- 
tions the flow is controlled by a throttle-valve. Maximum 
flow, occurs wit li fully-oj)ened valve, when the pump 

effecthe liead is virtually identical with the dead liead. 
As the valve is progressively closed, the flow diminishes, the 
effective head rises in accordance with tlie sliape of tlie pump 
characteristic, and more and more energy is wasted in the valve. 
That is an important jioint ; if the valve is not fully open, and 
if the pumj) is not working at its design point, there is a double 
loss of energy — in the jiump itself and in the valve. The loss 
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can be reduced by judiciously controlling the shape of the head- 
discharge characteristic, § 214 ; the flatter the curve, the less the 
waste of energy in the valve. Before finally accepting a likely 
form of curve, it is essential to make sure that the closed- 
throttle head is greater than the dead head, otherwise the pump 
would never be able to initiate flow at all. 



Fia. Ifi2. — Constant spoed purnj) discharging througli long pipe. 

(ii) Dead Head and Friction Head. When the pump forces 
liquid into a constant-level reservoir through a long pipe, 
Fig. 162, the external resistance may now comprise three items, 
(1) the dead or static head, (2) the energy loss in the valve, 
(3) the frictional loss in the pipe. Denoting these respectively 
by Hg, Hi^y and Hf, we can equate the “ internal head Hg 
generated by the pump to the 
“ external ” resistance to be 
overcome, in this approximate 
manner : — 

H, - Hg + H^, + Hf. 

Now the value of the frictional 
term Hf depends very nearly 
upon the square of the dis(‘harge 
Q, and it can thus be repre- 
sented by the parabolic curve bb 
in Fig. 162. E\idently, then, 
the maximum discharge through 
the system with fully-open 
valve will correspond witli the hitersection between this curve 
and the pump head-discharge characteristic, aa. For smaller 
flows, the loss in the regulating-valve builds up rapidlj" : it is 
bound to be relatively more serious than the eejui valent loss in 
the simple dead-head circuit. Fig. 161. 
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Before the least wasteful type of pump characteristic can 
finally be specified for either of the above layouts, it is essential 
to have some notion of what may be called the load-factor of 
the system. If this factor is high : if the demand for liquid is 
always relatively great : then the design point of the char- 
acteristic should be fairly close to the maximum-discharge 
point. But if full flow is only rarely wanted, then it may be 
advantageous to shift the design point towards the mean flow 
point of the system. 

241 , Other Constant-speed Systems . (i) Constant Speed ; 
Head and Discharge Controlled by Liqvid Level. If a constant- 
speed pump is used for lifting liquid from one tank to another, 
and it is no longer necessary to regulate the rate of flow, then 
waste of energy in a valve can be eliminated (Pig. 163). To 
ensure minimum overall power consumption, the pump should 
preferably be aiTanged to work near its design point when the 
Balancing f- tanks are half full. Here is an 

reseryo/r '^- — instance where a stcHq)ly-falling 
^ ^ characteristic, aa, is advantageous, 

I § ^ ^ 'I for it implies a fairly uniform rate 

^ ^ ^ I of flow throughout the whole 

S pumping cycle. To use a flatter 

characteristic, 66, would mean not 
™ only a large variation in rate of 

discharge — which in itself might 

Fig. 164.— UHe of balancing rcscr- Unobjectionable — but also a 

voir for improving pcrfonnancf'. , i ^ i. . nr> • i 

marked decline m efficiency at the 
two extreme points of the cycle. The comparative diagrams in 
Fig. 163 make this ])oint clear. They show how the rate of flow 
steadily falls away as the upper tank fills. At the lowest tank 
level, viz., at the beginning of the pumping period, the dis- 
charge is Qfriaj ’, ; ‘it the end of the period, when toj) water level 
has been reached, the discharge is only Q^tn. (Example 31) 
(ii) Constant Speed, Constant Head, Intermittent Pump 
Operation. Fig. 1 64 shows a system which enables constant- 
speed, constant-head pumps to work near their design point 
and yet to give a variable discharge along a pipe. The ])ump 
either runs under conditions of (virtually) full efficiency, or it is 
stopped ; a balancing tank or reservoir maintains flow along 
the pipe during the idle periods. When the demand for water 
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is high, these idle periods arc brief and infrequent ; when 
there is only a small demand, it is the pumping periods that 
are curtailed. It is true that the working head on the pump 
is only nominally constant, but the fluctuations can be kept 
very small by suitably proportioning the balancing reservoir. 
In no other type of large pumping installation can so low an 
overall relative energy consumption be guaranteed. 

(iii) Constant Speed, Constant Head, Variable-discharge Pump, 
The propeller pump alone has the advantage of being able to 
deliver a variable discharge in these circumstances without 
suffering serious loss of overall efficiency. Its construction was 
described in § 104, and its form of characteristic was explained 
in § 216 [h). 



(Lit) 


Pump 


Pump 


mp B 


P"iQ. 1615. — liifiuenco of |mniyj charat t eristic 


varying sjK'cd, against constant dead head. 


Discharge 
discharge regulation, with 


242. Variable Speed, Variable Discharge, (i) Dead 
Head only. The conditions described in § 240 and illustrated 
in Fig. 161 can now be met without the use of a regulating valve 
and without the consecpient energy loss therein. But at low 
rates of discharge, wiiich are here attained by lowering the 
pumj) speed, § 221, the pump is still working under unfavour- 
able conditions, Fig. 165. Diagrams (i) and (ii) represent the 
head-discharge performan(*es of tw'o jiumps, A and B, while 
diagram (iii) shows how'^ speed variations influence the rate of 
discharge. These grajihs suggest that whereas formerly a flat 
characUuistic was preferable, pump A, we ought here to choose 
a sloping one, pump B. Not only will the flat type almost cer- 
tainly be unstable, § 215, and not only will the instability be 
unchecked by the steadying influence of the throttle-valve, but 
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in any event the whole system will respond too sensitively to 
speed variations. As is evident from the graphs, it may happen 
that the discharge would bo materially affected even by the 
slight rise in speed consequent upon the normal heating up of a 
direct-current motor ; a 5 per cent, rise in speed may produce 
a 30 per cent, increase in discharge. (Example 30) 

(ii) Dead Head and Friction Head, Whereas this combina- 
tion showed the constant-speed pump at its worst, Fig. 162, it 
enables the variable-speed pump to behave at its best. In the 
limiting case of zero dead liead, then the ideal conditions postu- 
lated in § 239 can very nearly be attained : the parabolic 
internal curve of maximum efficiency virtually coincides with 
the parabolic external curve, Fig. 166 (i). Even if the dead 
head is quite substantial, Fig. 166 (ii), there remains quite a 
wide range of dis(;harge w'ithin which the departure of one 




Fig. 166 . — Kelation between iiiteniul head and external head for v^ariablo- 

speed ]>uinp. 


curve, aa, from the other, 66, is insufficient to cause any note- 
worthy decline in efficiency. As in all these diagrams the 
discharge prevailing at any particular speed is read off from 
the intersection between the external head curve and the ap- 
propriate pump head-discharge characteristic. 

(hi) Variable Speed, Constant Torque, At least within a 
limited range of conditions, the pump is subjected to constant 
torque — or it can be assumed to be — when it is driven by an 
internal-combustion engine running at full engine throttle. If 
the head is regulated by throttling of the pump circuit, then 
the head, speed, and discharge will all vary, and their relation- 
ship one with the other can be expressed by a new type of 
characteristic. Fig. 167. The heavy pressures generated at 
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low rates of discharge are very noticeable, and in practice they 
may be objectionable. 

107 reflates to tlie pump whose performance has already 
b(‘(‘n pres(‘iited in Figs. 14S 
and 140 ; it is now assumed 
to h(' subjeetc'd to a (jonstant 
torque of 4*() kiIogram-metn\s. 

Diagram 1()7 (i) is directly re- 
produced from Fig. 140, while 
th(‘ brok(Mi charact(Ti sties in 
diagram (iii) an' transf(Tr(‘d 
from Fig. 14S. Since 

S.H.P. input - P, 

Tor(ju(* o) 

rp 


I 

I 

<3 

c 

55 


(i) 





100 


eoo 

720 

6^0 

Sc 

^•5 


Discharge -litres/sec. 


it is easy to use diagram (i) to 
construct diagram (ii), which 
(jonsists of a S(‘t of torque- 
discharge curves. From the 
])oints at Mhich these' (*urves 
cut the horizoJital line ripre- 
senting tht' statt'd torque — 
4*0, verticals are drojqied to 
tlu* resj)ectiv(* h(‘ad-discliarge 
cui’ves in Fig. 107 (iii). The 
(h'sired vanjimj char- 

act('ristic aa can then be 
drawji. 'Flu* sjxmhI -discharge 
ciirv(‘ bh can t'asily be add(*d 
if requin'd. 

Tile ti ue torque-spe(*d re- 
lationship for th(' engine driv- 
ing the })ump will in fact be 
slightly curvt'd insti'ad of 
exactly horizontal, as dia- 
gram (ii). But in any (*vent 
th('r(‘ is no difficulty in cor- 
rectly s(‘tting off iji this dia- 
gram \\ liatever information is 
given. 
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/ 200 
Discharge - litres /sec. 

Flu. 167. — Construct ion for j)lotting head- 
discharge, and speed-discharge 
characteristics, uiid<‘r conditions of 
constant torque. 


243. Use of Multiple Pumps, (i) In Series. When liquid 
flows in succession through a number of pumps, the basic fact 
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influencing the flow is this : that at a given moment the dis- 
charge must be the same in each of the pumps. The numerical 
value of the discharge can be found by equating the sum of the 



Discharge D/scharge Discharge 

Fig. 168. — Constant-Mpeed pumps working in serins. 


internal heads to the sum of the external resistances. In Fig. 
U)8, two constant -speed ])umps, A and B, are shown, together 
with their individual head-discharge <*haraeteristics and the 
external circuit characteristic. By the use of a combined head- 
discharge curve r<‘})resenting the gross head generated, we can 
read off the desired discharge as in Fig. 1()!2. The individual 
heads, 11 developed by the pumps can in turn be scaled 
off, and finally the power in})ut to each jminp can be coin[)utcd. 

(ii) In Parallel. Here tlie rule is that the pumps must 
generate equal heads, while the discharges must be added, 



Discharge Discharge Discharge 


Fig. 169. — Const pump.s working in paralk*!. 

Fig. 169. Parallel operation offers a very effective means of 
regulating the total discharge : for small total flows, only one 
pump will be running, and as the demand increases, additional 
units are started up. By regulating in this way an installation 
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of three constant-speed pumps, there will be obtained the com- 
bined head and efficiency curves shown by full lines in Fig. 
170 (^). Variable-speed pumps give still better results. The 
broken lines, on the contrary, show how tlie overall performance 
deteriorates if pumps are left running needlessly. 

(Example 32) 

(iii) Series’parallel. By arranging a pair of identical con- 
stant-speed pumps either (a) in series, {h) in parallel, a very 
wide range both of head and discharge is attainable, Fig. 171. 
Piping systems adapted to these various arrangements are 
illustrated in § 319. 

244. Comparisons between Systems of Discharge 
Regulation. In order to assess the relative merits of the 






EfftciencL/ 


/ ^ i pumps -^4^ — 3 pumps 
pump working working 


Gross discharge 


Fig. ]7(). — Porformaiur of pumps ^^o^klllg 
singly or in parallel. The iminlierh 1, 2, 
3 refer to the miinlx'r of iiiuts m opera- 
tion . 



Discharge 


Fio. 171. — Senes -parallel opera- 
tion. 


methods of pump control tl}at have been examined, we may 
conveniently use the notion of static efficiency developed in 
§ 165. If we ap])ly it to tJie dead-head circuit shown in Fig. 
161 (pump delivering against coastant dead head only), then 
the resulting graphs. Fig. 172, do give a true picture of the 
overall eftcctiveness with which the ])over fed into the pump 
shaft is utilised. To put all the pumps on a fair comparative 
basis, values of static efficiency 


Vstat - 


WH, 

S.H.P. 


are expressed in terms of the maximum pump gross efficiency 
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Velocity heads are ignored, as they have been throughout this 
chapter. 

As might have been ex|^ected from § 240 (i), curve (a) is 
the least satisfactory. The only combination that might give 
still better results than curve (d) would be : to use multiple 
constant-speed pumps, together with the balancing reservoir 
shown in Fig. 164. 

In all the systems under comparison, it has been assumed 
that the pumps are working against the liydraulic pressure of 
liquids in open tanks or reservoirs. Of course the ])unips would 
behave exactly the same, in comparable circumstances, if the 



Percentage of maximum discharge 

Fig. 172. — Comparison between various mot hods ot discharge-regulation 
against constant dead head — 

(а) One constant spec*d centritugal ])um]), throttled. 

(б) One variable speed centrifugal pump 

(c') One variable pitch constant c d ])ro]>c 11c i ])ump 
(c/) Three vaiiablo sjx'ed centrifugal i)um])S in jitualJcd. 

pressure were to be maintained by air or steam pressure in 
closed containers. An example has already been furnished in 
§ 163, Fig. 110. 

Effects of Exc^essive Suction Head 

245. Observed Effects. Each of the four identical pumps 
shown diagrammatically in Fig. 173 is set at a different height 
above the suction water surface, but otherwise there is no 
difference between them ; they run at the same uniform speed 

292 


INSTALLED CONDITIONS 


§245 

and therefore, for anything we have yet learned to the contrary, 
they should yield identical characteristic curves. As we are 
here speaking in general terms, velocity heads and pipe friction 
are ignored. On test it may indeed be found that pumps A 
and B do behave quite normally. As the throttle-valve is 
progressively opened, the discharge increases and the mano- 
metrie head responds as usual, § 212. The characteristic {AB) 
serves equally well for both jnimps. 

When it is the turn of pump C to be tested, it looks at 
first as though her(^ also there will be nothing out of the ordinary 
to report. Beginning with the closed-throttle condition, the 
successive plotted points fall accurately on the earlier curve 



Ki(.. J Abnonn.il juiinp {M*rtorinanc(' uikUm* e\c*ossivo miction lift. 


[AB). Tlien, at a (-(Ttain stage denoted by C\ the new points 
begin to lull Jnloiv th(' existing eur\e. As the throttle-valve is 
still fiirtJier o])(*ne(l, the new curve grows stee])er and steeper, 
until tinally it trends vertically dow’^nwards. The maximum 
attaiiiabh^ discharge has droj)ped to Eig- 173. As we 

might l)\ this time almost expect, the characteristic relating 
to tlu‘ iij)])ermost ])ijm]) takes its downw'ard plunge still 
sooner; nothing ve can do Mill induce pump 1) to give a 
gn^ater dis(*harg(' than If there vTre still any doubt 

tliat somtdhing (pieer v^as going on inside the jmmp, w^e should 
only have to listen to it. While the puni]) v^as wwking on 
the abnormal \ertieal part of its characteristic, we should 
probably hear a hissing or roaring sound, or we should 
notice excessive vibration. Moreover, the test instruments 
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would show that meantime the pwnp gross efficiency had 
deteriorated (*). 

246. Critical Suction Head. The abnormalities just de- 
scribed can Ik' defined by taking note of tjic points such as C", 
D' in Fig. 173 at wliich they first become noticeable ; these 
are the points ■where the distorted characteristics first diverge 
from the normal characteristic. At any one such point there 
is evidently a relationship connecting the total head H, the 
discharge Q, and the static suction head VVe might say 

that this suction head h is the o itical svciion head correspond- 
ing to a gi\en head H or discharge Q \ it is the maximum 



Fig. 174. — Fftnct of total head 
on su( tioii head. 


Fig. 175. — Effect of spodfic 
spt‘ed on suction head. 


suction head that could be maintained without exposing the 
pump to the consequences of abnormal beha\iour. 

Using this criterion of jierformance, we can now find out 
what the original identical pumpvS in Fig. 173 will do in other 
circumstances. In Fig. 174 they are sliown working against 
different total heads, 11 ^ and Hu, running at different siieeds so 
adjusted that each })ump runs at its maximum efficiency point, 
§218. The pumps are set at the limiting heights h^j and h^u 
above the suction well : that is, the critical suction head h^^ 
prevails. The ])umj)s are indeed working normally, but only 
just — if they were raised only a little higher, the first signs of 
abnormality would appear. At once we are struck by a most 
significant fact : the greater the total head on the pump, the less 
becomes the permissible suction lift, 
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Next we may i)rofitably compare two pumps of different 
specific speed working against the same total head H, Fig. 175. 
As before, each pump runs at its own design point and draws 
against its critical suction head. The diagrams reveal another 
striking difference : the higher the specific speed, the lower the 
suction lift : the height A/ is less than the height h^. 

Although for the sake of clarity we have talked about 
raising the pump bodily in order to establish various suction 
lifts, the various changes specified could perfectly well be 
reproduced by using the test-rig illustrated in Fig. 115 (ii), 
§ 175. Even a throttle-valve on tlie suction pipe would serve, 
if it were located sufficiently far away from the pump suction 
flange. 

247. Minimum Pressure in the Pump Passages. In 

order to study a new aspect of pum]) performance we can advan- 
tageously try a new approach to the problem of representing 
pressure changes in the pump j)assagcs. A commonly-accepted 
convention for plotting pressure-heads has hitherto been highly 
serviceabk' ; it employs positive or negative values as read off 
directly from suitably graduated jiressure or vacuum gauges. 
Moreover, the same dimensions or the same numerals serve 
alike for representing pressure-heads and energy per unit weight. 
From our present viewpoint, though, the system has the defect 
that the pressure of the atmosphere is itself not shown at all. 
On the contrary, it is the corresponding pressure-head which 
serves as the datum or zero to which all other pressure-heads 
are related. This fact is a useful commentary on our unques- 
tioned belief so far that the pump behaviour is wholly independ- 
ent of atmospheric phenomena. Of course in the face of the 
evidence provided by diagrams such as Figs. 173 to 175 w’c have 
to abandon this belief ; we are now-^ dei^ply interested in the 
atmospheric pressure, for we realise that there is nothing else 
that will lift the liquid into the pump for us. 

The modified system, then, is this : to plot absolute pressures 
instead of positive or negative ])ressure-heads. Since p wh, 
this merely amounts, in general terms, to altering the vertical 
scales of the ])ressure diagrams such as Figs 109 and 121 . More 
jiarticulaiiy, we must examine still more critically the pressure 
changes suggested quite schematically in Fig. 121. Since in 
that diagram we were chiefly interested in energy changes, 
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§ 194, the actual pressures in the rotor passages were deliber- 
ately misrepresented. Another question arises, too. The basic 
purpose of these pressure-diagrams is to indicate the changes 
imposed on an element of liquid as it traverses the pump and 
the pipe circuit. We now liave to ask : winch dement ? An 
element that moves along the back of tlie rotor blade, or an 
element that moves along the fiont of the blade ? It was 
shown in §§ 20 and 21, Figs. 13 and 15, that the element under- 
, goes diff(Tent e\perien(*(\s 

-j- according to the path it 

\ I y chooses. These alterna- 

^ the paths must be shown 

I ^ When we look at such 

- Rotor ^ a reconstructed pressure- 

ZER0~PRESSURE^ diagram, Fig. 176, it is 

I seen to iiulude what is 

j - — perliaps the most import- 

^ ^ I trolling factors, \iz., the 

vapotn pnsmre of the 

VAPOUR \ J ^ at the tempera- 

pREssuRE _ i ture prevailing inside the 

— pump. The control is 

^ ~ ji quite firm and rigid. 

L ^ AVithout any qualification 

I PRESSURE j I ‘ ^ , 

\ 1^1 iTli- whatever, we have to 

realise that it is ini- 

possible to create in the 
I J Area 114- 

VAPOu^ - 4 V absol ute pressure 

~~PRESSURE 411^ lower than the liquid 

" ZERO PRESSURE “ “ pressure. Any 

Fia. 176. PressuHwhstnbalion in jMUnpn.g ^^ttempt to do SO WOuld 
Rysteni before and after cavitation begins. merely make the liquid 

boil : bubbles of vapour 
would continuously form, but the pressure would not get any 
lower. 

To understand the new convention used in Fig. 176, we 
may begin at the extreme left-hand of tlie diagram. H<Te, 
before the liquid enters the suction pipe, its absolute pressure 
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is viz., atmospheric pressure. In passing througli the 
suction system, there is a pressure-drop of wHms Fig- 5 
in traversing tlie inJet passage of the pump casing, there is a 
furtlier drop of whic (as in Fig. 121). A liquid element choosing 
to follow the back of a rotor blad(‘ next undergoes a final 
pressure-drop of wli^d (as in Fig. 15 (i)). It is tliis lowermost 
part of the pressure-diagram that we shall have to scrutinise 
most carefully. Thereafter the pressure rapidly rises as the 
liquid profits by the energy it receives from the rotor blades. 
As in Fig. 13, the juessure-difference across a blade is repre- 
sent('d by wh 

248. Causes of Cavitation. If we next proceed to link 
togetlier our two new forms of diagrams, i.e., Figs. 173 and 176, 
this is what we find : that the effect of raising tin* pump above 
the suction well is to lower the pressure- diagram relative to the 
line of absolute zero pressure. To reflect the changes in 
elevation sho^vn in Fig. 173, then, we can plot in Fig. 176 tjie 
changes in internal pump pressures. It will be convenient to 
assume tliat the pumj) s])eed and discharge are ke])t steady, 
leaving the total effective Jiead at the merely of suction condi- 
tions. Diagram {a) shows normal operation : tlie minimum 
absolute })ressure anywhere on the back surface of the rotor 
blade is well abo\e the limiting value Diagram {b) shows 

critical conditions : the ])uin]) has now' been raised sufficient Ij" 
high to lower the ])T(*ssure diagram into a critical ])osition : 
tJie bottom of the diagram is just touching the line of minimum 
jnessure. Evidently the suction head has attained the 
critical value, § 246. Meanwhile the general beliaviour of the 
installation has not suffered in any way ; the ]nnn]) still 
generates its original effective head and show^s no sign of dis- 
comfort. 

There is nothing to stop us from lifting the pump still 
higher, to the ])osition (c), w'hich gives a suction head but 
there is certainly something to prewent the minimum pressure 
from falling any lower. There is the unalterable limit imposed 
by the liquid vapour pressure. The consequence is that the 
pressure-diagram is now distorted. Fig. 176 (c). The low’^ermost 
])art of it has been cut off. What is the result ? From §§ 20 
to 22 we have learned that in comparable conditions the energy 
impressed on tlie liquid is proportional to the area of the energy 
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diagram, ff diagram 176 (c) has a smaller area than diagrams 
(b) or (a), we must conclude that the effect of exceeding the 
critical suction head has been to reduce the energy given to the 
liquid, or in other words to reduce the effective head That 
is exactly what the j)r(\ssure -gauges show : the manometric 
head has been rt'duced, § 245. 

In the abnormal state of working that we have now reached, 
certain areas of the back surfaces of the rotor blades are mani- 
festly exposed to the limiting absolute pressure. Brisk effer- 
vescence is going on there ; elements of liquid as they flow i)ast 
are momentarily turned into bubbles of vapour. It is the pres- 
ence of these caAuties in the liquid which gives the name cavita- 
tion to this wliole array of low-pressure phenomena. 

249. Effects of Cavitation. Tlie 
generation of vapour bubbles will almost 
certainly modify the velocity distribu- 
tion as well as the ])ressure distribution 
in the rotor passages (^). Tliere may 
be deflection of tlie flow lines of the sort 
suggested in Fig. 177 (i), and doubtless 
the combined effect of all tliese disturb- 
ances will be to distort the pressure- 
diagram much more seriously than was 
indicated in Fig. 176 (c). Still further 
raising of the pump will increase the 
area of disturbance, until finally it has 
extended completely across the rotor 
passages. Fig. 177 (ii). Thereafter 
nothing we can do can alter the rate 
of flow through the pump ; tlie dis- 
charge depends only upon (‘onditions in 
the suction system and at the rotor inh't. The pressure 
drop from atmospheric pressure at the suction-well surface 
to vapour pressure in the rotor jiassages is wholly absorbed 
in overcoming frictional and eddy resistances and dynamic 
depression liead, and in creating velocity head. In Fig. 173 
this stage is represented by the vertical parts of the abnormal 
pump characteristics. 

Although, during this culminating phase of cavitation con- 
ditions, opening the throttle- valve wider and wider has no effect 
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on the pump discharge, it is not difficult to see why it induces 
a steady drop of manometric head. The effect of the vapour 
bubbles wliich now permeate a considerable part of the rotor 
passages is virtually to lower the density of the liquid. The pump 
behaves as if another liquid of less density were flowing through 
it. Two consequences can be foreseen : (i) as the mean velocity 
of the fluid mixture is now higher (for the weight per second 
is unchanged), the outh't velocity diagram tends to assume the 
distort('d shaj)es seen in Fig. lb (iii) or Fig. 143, wliich in itself 
would lower the total head ; (ii) the fall in density reduces the 
pressure generated, expressed in terms of solid ” or non- 
gaseous licjuid, § 230. For these reasons, then, easing the 
delivery head on the pump only makes the liquid boil more 
briskly. 

This general picture of cavitation conditions is consistent 
also with other observed symptoms of irregularity. Audible 
hissing or roaring is a very normal accompaniment of bubbling ; 
a lowering in gross efficiency is only to be expected when the 
flow" in the rotor passages is so rudely disturbed. As for the 
most damaging effect of all — actual physical destruction of the 
metallic surfaces of rotor and casing — this is described under 
the heading of effect of length of service, § 257. For the moment 
the evidence is quite sufficiently convincing : except for very 
special reasons, the ])ump must be safeguarded from the mani- 
fold dangers of cavitation, and this can best be done by always 
keeping the suction head within the critical value h s^. 

250. Influence of Total Head and of Specific Speed. 
An answer still remains to be found to the question : why does 
an increase of total head or an increase of sjK'cific speed imply, 
in comparable conditions, a nduction in the critical suction 
head, § 240 I 

Total Head. By the reasoning given in § 26, it can be shown 
that wdien identical pumps are workmg on their maximum- 
efficiency curve, § 2 IS, the \alue of the relative blade loading e 
remains constant. The average differential qncssure-htad h^ is 
thus directly proportional to the effective head on the pump, 
In § 27 it was fuither implied that the dynamic depression 
head at least bore some relation to the average differential 
pressure-head, even if there were no simple mathematical 
connection between the two. When, therefore, we come to 
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compare the identical pumps generating different heads depicted 
in Fig. 174, it seems justifiable to say that as the total head 
rises, so also does the dynamic depression head(^). Equivalent 
pressure diagrams are sketched in Fig. 178. Diagram (i) 
describes the conditions within the low-head pump (left) in 
Fig. 174 ; diagram (ii) corresponds with the right-hand pump. 
The rise in total head from Ui to Hu is reflected in an increase 
in dynamic depression head from wh^a fo a Since both 
machines are set at their critical levels, it is clear that the 
manometric suction head must be eased from to 

Specific Speed. From the tabular statement given in § 40 
we can form a fairly sound im})ression of tlie nature of the link 
between specific speed and relative blade loading. As the 
specific speed rose from that equivalent to a centrifugal pump 
to that equivalent to a propeller pump, viz. from 35 to 210 
j ! j I (foot), the ideal value 

/ / of e increased from 0-73 

/ 't / to 1-95. Applying this 

j / knowledge to the two 

] / '■ r^' / dissimilar pumps of Fig. 

working under iden- 
tical heads, we can believe 

^ Zero that the pump having the 

, . . . I , higher specific speed will 

iMG. J7S. — liolalioii botwoeii dymumc do- i i ^ 

proHsioii head and suction head. have the greater average 

differential pressure-head, 
the greater dynamic de])ression head, and therefort) the smaller 
manometric* suction head. Fig. 178 (ii). 

251. Dynamic Depression Head. As the influence of the 
dynamic depression head on the suction capabilities of the pump 
has now been made abundantly clear, it may be wortli while to 
examine other aspects of the relationship. In real or in ideal 
pumps, we have found out thus far that the value of this de- 
pression head h^d may depend upon : — 

the speed H , the flow velocity F, the Iiead //, the specific 
speed As, and the blade number n [equation (2-2), § 20.] 

Another line of approach is provided by the aerofoil theory of 
axial-flow pump design, § 38. The pressure distribution over 
the surface of a single aerofoil as in Fig. 24 (i) is well known ; 
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it can be represented by a diagram such as Fig. 179. Here tlie 
positive or negative dynamic pressures are denoted by the lengths 
of the vectors, which are read off against a scale graduated in 
terms of the “ coefficient of dynamic pressure (7^. The 
numerical value of the pressure at a given point is then com- 

puted from the expression — (Jj^ • — . 

^9 

Now Fig. 24 (ii), taken in conjunction witli Fig. 179, suggests 
that in an actual pro] 3 eller pumj) the maximum negative 
pressure-head near the blade tip, is much of the same order of 
magnitude as the dynamic depression head ; and since the 
relative velocity Iktc corresponds with the original velocity 
U of the aerofoil, it seems likely that the dynamic depression 
head will (h'pend only upon the relative velocity of liquid at rotor 
inlet. Again speaking in general terms, this relative velocity 
is not very different from the inlet 
blade velocity Vi, and this in turn is \ \ ^ 

linked with the outlet lim veloeitj^ \ \ f 
V 2 . Tlie Aalue of the speed ratio 9 \ \ / / / 

alr(*a(ly gi\es us a measure of the 
outlet rim velocity, expressed in U ^ 

terms of the effective head. We • ^%^essure 

could readily use an analogous 1 2^4 

“ inlet speed ratio ” to exjiress the Value of Cf^ 

value of tlie inlet rim velocity Cj ; 179 Piossme distulmtion 

reference to Fig. 54, § 92, shows <>n anoioii 

that it would vary from about 0-5 at a minimum shape 
number of hO to about 2-1 at a inavimum sliajie number of (>00, 


Pos/t/ ve 
Pressure 
2 3 4 


Q l 2 ^ 4 

Value of Cf( 

luCr 179 — Piossiiie (list iilmt ion 
on iuioioil 


i\l \l2gll^ 0-5 to 21. 

{Nofc tluit in tho axial flow pump, wo aio coiuc-riKal with the innxinium 
valuo of tho volotitK’s, 1.0 , tlmso iioar the outoi iim ) 

If we admit tliat the dynamic depression head does indeed 
\ary as the scjuan* of the value of r^, th(‘n it looks as if the 
proportional values of h aa would range from about 0-25 to about 
4*2. So here is very strong (‘onfirmatory evidence to confirm 
our belief in the connection between specific speed and critical 
suction liead. 

In any event, one general pointer is already clear : to give 
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a pump Itie best chance of dealing with a high suction lift, the 
inlet edges of the rotor blades must move as slowly as possible. 

252. Summary of Factors Involved. Now that we are 
within sight of formal rules for assessing the critical suction 
head, it is as well to be reminded again of the great complexity 
of the problem (*). The multifarious factors to be taken into 
account are : — 


(i) The atmospheric pressure which in turn depends 
upon : — 

(ii) Tlie altitude of the pump above sea-level. (Diurnal 
variations of barometric pressure can be neglected.) 

(iii) Also the density w of the liquid. 

(iv) The vapour ])ressure of the liquid, whicli depends 
upon 

(v) Tlie nature of the liquid, at working temperature, and 

(vi) Tlie temperature of the liquid under pumping con- 
ditions. 

(vii) Also tlie inlet loss at entry to tlie suction^ 
system. 

(viii) the frictional and eddy losses hfi^ in the suction | 
S3"stem. 


§ 162 . 


(ix) The velocity head ~ at the pump suction flange 
'^9 


(x) The head loss hic in the inlet passage of tlie pump 
casing, § 194. 

(xi) The djaiamic depression head 

Nevertheless when once essential jireliininary computations 
have been made, in terms of head of liquid at worh ng U m perature, 
all the variabh^s can be collected into three groiqis, thus : 


(I) Available head-ditferenee - lit - ha ~ 

w 


(IT) External head drop — II ch “ + fhis “f 


2 (/’ 


(This term includes all changes of head in the suction 
system, for which the pump itself can bo held in no 
way responsible.) 

(Ill) Internal head drop — H^nt fllo + h'dd- 

(This term includes changes of head inside the pump 
itself.) 
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The available head-difference is all we have to count upon 
for lifting the liquid through a height hgc, and for overcoming 
external and internal pressure-drops. This statement can be 
expressed in the form : — 

Critical static suction head h^^ Hf - Hcyt - H%nt • (1^-1) 


True specific speed (foot) 
0 50 700 750 



True specific speed (metric) 

KKi iso CoiiiKH tion bt ivsoiMi s])o( ifi( s2)eo(l ( omI nliun tai loi, .ind suction lift 

Since manomiiric suction head is the sum of static suction 
lift and external head drop, viz. : -| § 163, a 

useful alternathe form of equation (16-1) is 
Critical manometric suction head — 77„,s 77, II • (16-2) 

The only unknown factor in these expressions is the internal 
head drop Experience shoAvs that the trends disclosed by 
analysis, § 251, are indeed justified, and tliat the combined 
term 77^, hj^ + had depends ojily upon the total effective head 
Hg, and upon the .s p( cific speed Ng. The relationsliip is expressed 
with the help of the Thoma cavitation factor a, tlius : — 

. . . ( 16 - 3 ) 
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The empirical connection between specific speed and cavitation 
factor is jdotted in Fig. 180. 

253. Practical Rules for Estimating Suction Lift. A 

simj)le routine is now available for estimating, in given circum- 
stances, the maximum height above the suction well at which it 
is safe to set the pump. From the known specific speed, the 
value of the cavitation factor a is read off from Fig. 180. Then, 
from equation (10-8), the value of the internal head loss 
is computed. Finally the desired value of the suction lift h^c 
is found from equation (10-1). The skeleton pi]>ing lay-out in 
Fig. 180 serves as a graphical summary of the process. 

Particular weight must here be given to earlier warnings 
concerning relationships based on sjiecific speed. Altiiough in 
a gofieral sense a given specific speed is associated with a partic- 
ular rotor shape, yet for that specific s])eed individual shape 
ratios may vary through a considerable range, §§ 50, 100. For 
example, a standard single-inlet impeller will luive a bigger 
diameter ratio dild^, than an equivalent double-iulet impeller 
of the same sliape number. Fig. 54. Tlie “ inlet sj)eed ratio ” 
will thus ])robably be gr(\ater, § 251, from whi(‘}i vv^e deduce that 
it would be wise io choose a rather higher value of the cavitation 
factor CT for the one immp tlian for the other That is why in 
Fig. 180 a belt or zone of values is plotted, rath(T than a single 
line. For single-inlet pumps, suitable values of a are likely to 
lie in the up])er part of the belt ; for donble-iuht punqKS, in the 
lower part of tlu' zone. Tn any ewent, we should not take the 
risk of setting the ])ump at its maximum or critical height if 
it could be avoided. The word critical ” has few reassuring 
connotations, so if the conditions of installations will ])ermit 
the pump to be lowered a foot or two, we may very willingly 
do so. (Example 33) 

254. Application of Rules, (a) At least the suggested 
rules are in accord with tlie observed facts stated in § 245. 
The way in which they control particular installation conditions 
is shown in Fig. 181. Pumps of various vspeci fie speeds are here 
seen at work, each lifting a stated discliarge against a stated 
static head. As before, pipe friction can for com|)arative ])ur- 
poses be neglected. Using the mean values of a taken from 
Fig. 180, tlie limiting suction lift is found to have the following 
values :~ 
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E«f 

Fiff 181 

Typi of Pump. 

Specific 

Speed 

(foot) 

Speed 

(rpm) 

static 

head 

(ft) 

Discharge 

(ffpm) 

static 
suction 
Idft (ft ) 

] 

Slow-speed centrifugal. 

18 

480 

40 

lluO 

27 

11 

High-fipood centrifugal. 

42 

1120 

40 

1150 

20 

111 

Screw 

80 

2200 

40 

1150 

8 

IV 

Projxdlcr . 

112 

:iooo 

40 

1150 

1 


(6) It is to bo noted that the information given in Fig. 180 
relates only to pumps working at their respective design points. 





H’lo ISl.— InfluoiKo of tMM' of ])uiii|> on Fi,j. 182.— “ Suction ” charactormtio for coii- 
sucfion litl, for stated disiharpc tnfupal pump. 

(llTiO g p.m ) and total lioacl (40 ft.). 


If the (liseharge is less than normal — if reduced-flow conditions 
prevail -tlie suction head may be increased beyond the critical 
value li^c \ if fhe percentage flow is greater than 100, the suction 
head must be diminished. The relation between discharge and 
])ermissible manometric suction head II is illustrated in 
Fig. 182 ; the graph relates to a constant-speed pump which 
at its design point delivers 600 gall. /min. against a total effective 
head of 100 ft. Yet it might not always be judicious to run a 
pump coniimioushj at ])art-flow against a high suction lift ; the 
unfavourable conditions at rotor entry, § 204, may in themselves 
tend to promote cavitation (*). 

305 



ROTODYNAMIC PUMPS 


§255 

(c) The size of the pump has an influence upon the per- 
missible suction head that cannot be shown in diagrams such 
as Fig. 180. For a slaled specific s])eecl it is found that small 
pumps cannot work against such severe suction conditions as 
large ones ; this means that for the small machine a higher valve 
of the cavitation factor a must he chosin than for the large 
machine. If tlie size of tlie pumj) branches is as small as 1 or 
2 in., then in any event the suction head should not be more 
than perhaps 5 or 10 ft. Probably one may find the reason 
for this divergency of behaviour in the divergency of sha])e 
between the large and the small puni]). Although nominally 
of the same proportions, yet because of manufacturing neces- 
sities the two rotors are not truly geometrically similar ; some 
possible discrepancies wctc mentioned in § 227. 

(d) There is a clear distinclion betwc^en Ihe empirical re- 
lationship embodied in formula (10 .*i), § 252, and the more or 
less simplified one examined in §§ 245, 240. Although a pump 
working at points C\ 1)\ of its characteristic, Fig 175, might 
give no audible or visible signs of disc‘omfort, yet cavitation 
corrosion ” may already have set in, § 257 We must thcTefore 
recognise two distinct ty])es of deterioration in pump perform- 
ance, (u) an immediate and unmistakable drop in head and 
etficiency, § 245, (6) a slow decline that only becomes notic^eable 
after months or years of service, § 258. Formula^ of the 
type of (16-5) are intended to give ])rotection against both 
dangers. 

255. Some Exceptional Conditions. Tims far we have 
been concerned only with standard ty])es of ])um]) mounted in 
a standard fashion, viz., above the surface of the open suction 
well from which they drew tlieir su])])ly of licpiid Conditions 
that may require particular examination include .— 

(i) ''Negative Suction Head. If the total iiead on the 
pump is sufficiently high, the rules of § 255 may ordain a 
static suction lift that lias a nc^gative \alue. This means 
that the pump must be set beloiv the Itwel of the suction 
water surface ; the pump suction branch will be subjected to a 
positive pressure. An installation so arranged is seen ni Fig. 227, 
§ 556 (iii). 

(ii) Pump Drawing fro7n Closed System. Sliould tlie pump 
suction be connected to a closed container or a closed piping 
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system, there will now be no free liquid surface exposed to the 
atmosphere which can control the manomotric suction head, 
e.g.. Fig. 110, § 103. It will thus be essential to regulate in 
some other way the conditions within the system, to ensure 
that the absolute pressure at the suction branch does not fall 
below safe limits, § 3*15 (v). 

(iii) Special Construction of Pump. Here the particular 
problem is this : sup])ose that by the rules applicable to 
normal })umps, § 253, it appears that the suction Jiead must 
not exceed a c(^rlain figure. Yet the conditions of installation 
may dictate a great<'r suction head ; they make it impractic- 
able to set the pump as close to the suction level as the rules 
require. Wliat is to be done then ? There are at least three 
possil)ili1ies : 

{a ) Rotor of Sp( ciaJ M atf rial. If it seems that the abnormal 
suction lu^ad to be imposed on the pump will not directly im- 
pair its ])erformauce or ellieiency, then we may be prepared 
to acce])t the risk of cavitation corrosion, § 257, provided that 
the rotor (*au be made sufficiently resistant. Iffiis could be 
done by r('taiiiing a normal sliape of rotor, and choosing a 
special metal for it, e.g., hard bronze, stainless steel, monel 
metal, nickel alloy, etc., etc. 

(5) Pump of H}t(cial Design. Relatively minor changes in 
tlie shape of the pump ])assages may enable the machine to 
deal successfully witli suction heads beyond the range of normal 
pum])s. Thus, g(me7'ously-pro])ortioned inlet volutes may re- 
duce the head loss in tlie casing, § 89 (i) ; or exceptionally 
skilled d<\sign of t he rotor blades at inlet may ensure immunity 
from cavitation. But for certain seiwices - e.g., for condensate- 
extraction pum])s, Fig. 97, § 145 —a much more radical revision 
is indispensable. In order to secure the utmost possible suction 
capacity, it is essential to give the dynamic depression head its 
lowest value, § 251, while still keeping the impeller speed high 
enough to generate the s])ecified total head. This implies that 
the diameter ratio, the flow ratio, and the width ratio of 
tlie impeller must all be abnormally low : the resulting effect 
on the impeller shape' is clearly shown in Fig. 97. The effect 
on the pum]) efficiency can be deduced from §§ 196 to 200, 
and from Figs. 53 and 54. Because the shape number of the 
modified impeller is now so far below the normal range, its 
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efficiency is necessarily sub-normal. But if this particular 
solution of the problem is chosen, such a sacrifice of efficiency 
is inescapable. 

(c) Rotors in Series, Let it be stipulated that tlie abnor- 
mally high suction lift must be maintained, and that no decline 
in efficiency can be tolerated. If we are allowed to use more 
than one rotor ^ then a standard rotor shape will still serve ; the 
head generated by the first stage rotor will then amount at the 
most to one-half of the total effective head, and consequently 
the critical suction head for the same value of the cavitation 
factor is substantially increased, § 253, or Fig. 174. According 
to circumstances, the resulting combination may take the form 
of (I) a standard type of multi-stage puni]), Chapter IX, (TI) a 
special design of multi-stage pump embodying a non-standard 
first stage rotor, (111 ) separate j)um])s dispose d in series, § 321 (ii). 

Effect of Age and Length of Service 

256. Types of Deterioration. In a closed iron passage 
carrying liquid, we may expect that after some time the walls 
will have become rusted or corroded or in some way roughened. 
The passages of the rotor and casing of a rotodynamic pump are 
liable to just the same type of deterioration ; but in addition 
they may be subject to much more destructive attacks — the 
attacks of cavitation corrosion. Leaving this special problem 
for later study, § 257, we can here enumerate a few t^xamples 
of normal wear in a pump : — 

(i) The rate of corrosion of the pump parts will naturally 
depend upon the nature of the liquid and upon the nature of the 
materials of construction. Frequent references, §§ 140, 147, 
have shown how the liquid and the material can be matched one 
against the other. Evidently a cheaply-built pump, in which 
cast iron is used for the main components, may become un- 
serviceable sooner than a pump fitted with a bronze impeller. 
In any event the effect of corrosion will be to increase the 
hydraulic losses in the pump. 

(ii) The running clearance between impeller eye and pump 
casing will increase, § 82. The rate of wear will be stimulated 
if the liquid is dirty or gritty, or if the pump shaft is allowed 
to run out of truth. 
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(iii) Wear on the shaft, or on the shaft sleeves, § 80, or on 
the neck-bushes, § 86, may likewise increase leakage. 

(iv) In multi-stage pumps fitted with balance-discs, wear on 
the disc may slightly displace the whole rotating element end- 
wise, thus throwing the impellers a little out of alignment with 
their diffuser rings, § 75 (c). The running clearance between 
shaft sleeves and inter-stage diaphragms, § 122, may gradually 
increase. 

Here are inevitable causes for deterioration of performance, 
quite apart from defective maintenance of the glands and 
stuffing-boxes. 

257. Cavitation Corrosion. This is the name given to 
the destruction of metallic surfaces that nearly always occurs 
if a pump is allowed to run for long periods at a suction head 
substantially greater than the critical value, § 249. In these 
conditions we know that bubbles of vapour are generated in 
the zones of minimum absolute pressure, and that they collapse 
again as soon as the natural flow tlirough the rotor sweeps 
them into regions of higher pressure. What makes these tiny 
bubbles so dangerous is that their rate of collapse is extremely 
rapid. The liquid hastening to fill up the vacuous spuces left 
by the bubbles is almost instantaneously arrested by the metallic 
blade surfaces, thus engendering serious inertia pressure or 
7vater harmner. That is to say, as each bubble in contact with 
tlie blade surface breaks down, a YQvy tiny area of the surface 
is momentarily exposed to an extremely heavy stress. The 
effect is almost as if the metal surface were undergoing bom- 
bardm(*nt by myriads of very minute hard pellets. 

The phenomenon (which is alternatively termed “ cavitation 
erosion ”) is as yet only imperfectly understood ; it is possible 
that chemical corrosion due to the liberation of oxygen from 
the liquid is also responsible ; but the results are quite unmis- 
takable. Metal surfaces are ravaged as though gnawed by 
rodents ; solid cast iron an inch or two thick may be eaten 
clean through. The examples of damaged rotors illustrated in 
Figs. 183, 184, give a good impression of the severity of the 
effect. At least in the propeller-pump blade. Fig. 184, the 
cavitation corrosion is located just where one would expect — 
near the leading edge and close to the outer rim where velocities 
are highest, § 36. The distribution of damage over the 
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centrifugal pump impeller, Fig. 183, is not so easy to explain; 
and indeed one of the perplexing features of cavitation corrosion 
is that it may attack quite unexpected areas of the rotor and 
casing. 

So-called “ edge corrosion ” may occur at the blade edges of 
open-type rotors of all kinds, § 09 (Til), pro])eller-purnp blades 
being peculiarly liable to this kind of damage. In sucli pumps 
the differential head between front and back of the blades is 
at its maximum in relation to the total efte(*tive head, § 40 ; 
and this differential head generates a correspondingly rapid 



Fig. 18,'} — Ke'^ult of ( avitatioii Fig. ISl ]unn]» 

(•ro'5ioii on (cntntugal lotor black (laina^^c il 

jnmi]) iin]H 11< I In < aMtation oiosion 


leakage flow a(Toss the clearance between circumferential blade 
edge and the fixed casing. As a result of the eddying on the 
downstream side of the clearance space, thei'c is an abnormal 
local pressure-reduction wliich may be great enougli to set up 
local cavitation. If so, the blade edges will be attacked, and 
in time the leakage loss will substantially increase. 

It is to be remembered that the mechanical vibration that 
accompanies severe cavitation may accelerate wear on the pump 
bearings, especially if luieven erosion of the rotor blades has 
already thrown the rotating element out of balance. 

258, Effect of Wear on Performance. Detailed analysis 
of power losses as developed in § 219 might indicate how length 
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of service influences a pump’s characteristic performance. But 
just as in § 225 an alternative approach was chosen, so now it 
may be illuminating to try still a third method. It depends on 
the notion of separating the leakage flow from the effective flow 
through tfie pump, § H)l. In comparing the pump when new 
witli the pump when old, let us assume that the speed remains 
unchanged and that the total flow tlirough the rotor passages, 
Q -)- qi, is likewise unaltered. This implies that the energy in- 
put to the rotor has not been substantially affected, nor has the 
shaft horse-power input. The only basic change is in the rate 
of leakage — for we can study later on the effect of corrosion. 
As a result of wear of all kinds, let the total leakage loss be 
increased from qiy to qi^. This means that the effective flow 
through the pumj) delivery 
branch has fallen from to 
Qi, where Qj + fju - (h + >li%- | 

The dro]) in effective discharge, ^ 

Qi ~ Q 2 ^ denoted by dQ, c 

Comparing now the “ new ” 
with the vorn ” chaiacleristics, 
we see that for a gi\en total or | 
rotor flow the lu'ad and power ^ 
ordinates are unaltered in height : ^ 
they are inen^ly shifted by a dis- ^ 
tance dQ towards the origin of 
the graphs, Fig. 185, because the 
effecti\e pump discharge has 185 — dianKtonstiLs for new 

fallen by that an.ount. At this 

stage, Ilu‘ [)io\isional head discharge curve is indicated by the 
light broken line, aa. Finally the influence of the roughening 
of the passages due to corrosion can be estimated. Since it will 
undoulitedl^" increase the hydraulic loss II § 195, the effective 
head must fall, and with this knowledge we are justified in 
sketching in the final head -discharge characteristic, Fig. 185. 
It onl> remains to comput(\ from the accepted head and power 
cliaracteristics, the efliciency curve for the worn pumj), and then 
we luue before us a complete picture of the changes that the 
pumj) has sullered during service. 

In general, for a stipulated effective rate of discharge, the 
head has fallen, the efficiency has fallen still more, and the 
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power input has risen. For very small or very large flows, the 
effects are less easy to predict : they depend a good deal upon 
the shape of the original characteristics. If cavitation erosion 
has been tolerated, naturally the behaviour of the used pump is 
correspondingly worse. 

259. Other Aspects of Impaired Behaviour. A correct 
estimate of the rate at which the pump performance will decline 
may assist both in the original design of the pump and in the 
framing of a maintenance programme, § 301. Clearly if the 
stipulated design conditions are to be strictly enforced tlirough- 
out tlie life of the jmmp, they must be capable of fulfilment not 
only by the new machine but by the used uiaehine. When the 
pump leaves the makers’ works, that is to say, it must liave a 
reserve of performance in hand. The question of how much 
reserve may be influenced by the conditions of installation ; for 
instance, in the conditions laid down in § 240 (i), quite a slight 
displacement of the head-discharge curve would reduce the 
discharge below permissible limits, but such a disi)lacement 
would liave much less serious consequences in the conditions 
of § 240 (ii). 

At some time or other in the life of the pumping installa- 
tion, one may foresee that the decline in performance will 
transgress reasonable limits ; either the minimum required 
head or discharge can no longer bi‘ maintained, or else ruiming 
costs have become exorbitant. Remedial measures include : 
(i) replacing the complete pump, (ii) replacing the rotor and 
shaft, (iii) replacing wearing rings, neck-buslies, shaft sleeves, 
etc., making good eroded areas by welding, etc. For very small 
pumps the first method is likely to be the most economical one ; 
for very large ones, the third. The question is discussed in 
greater detail in §§ 298, 360-362. 
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§ No. 

Plicuomciia daring starting and 

sto])f)jng . 

. 2()0 

IuHtantancoiiM sl.irling 

. 201 

Aci'clcratiiig tht‘ licpiid 

. 202 

Instant anoous btopjnng 

. 203 

Separation in tho liipiid 

column 204 

Actual conditions 

. 20.7 

Starting the I lump . 

. 200 

Sto])pnig tlic piiinj) . 

. 207 

Shape of press ur(‘-wav(‘ 

. 2<>8 


§ No. 

Gra])liK*al plotting of tmnftitory 

conditions . . . 2H9 

Iiit(‘rprctation of tlio volocity- 

houd diagram . . . 270 

Ridnrn flow conditions . .271 

Wafcr-hamincr cmati^d bv rf‘- 

flux v.i\\o . , .272 

“ Slain-prossiire ” croalod by re- 
flux \alvT . . . 273 

Dfl(‘( t f>f n lief valve . . 274 


260. Phenomena during Starting and Stopping. Tiie 
study of pump performauoc^ that has Ix^en earned thi'ough tho 
preceding cliaj^lers a])])ears to bo valid onlj" when the imm]) is 
running at uniform speed and tlie li([uid is flowing unifoimly 
through it. Rut tliis restriidion cannot be maintained in 
practic(‘. Tlie ])unip must of<(‘n be staiTcnl and sto])ped ; the 
rate of flow may \ ary from moment to moment. A (*omparison 
with a moving vebiele may give us an inkling of what to ex- 
poet during periods of aeei'leration or ndardation. When, for 
exam])le, tli(‘ veJiiole is brought to r(\st l)y violent application 
of tlio })rakes we have vivid ])ersonal siuisations to remind 
us of tlie severe stresses that may he imposed on tlie parts of 
the veliiele. The analogy is a just one in this sense, that we 
do in fact find that a ])um])ing system may be subjeeted to 
quite dangcTOus ])ressures during acceleration and retardation 
of tlie liquid column in the pi])es. Only a detailed analysis 
of the complex conditions that may develo]) will show how to 
protectr the puni]) and ])i])es, and hovN' to frame a safe routine 
of starting and sto])])ing. 

The energy which, if not controlled, may vvTeek the system 
is of two kinds, (i) the kinetic energy of the mov ing column of 
liquid, and (ii) the elastic energy of the liipiid and of the pipes. 
In tho same way that energy may be stored in a steel spring, 
so energy can h(' stored by compressing a liquid or by expanding 
the metallic walls wliich contain it. The problem during the 
transitory conditions now to be examined consists in applying 
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this energy or dispersing it without violent consequences. It 
seems likely that the most severe conditions will correspond 
to instantaneous starting and stopping of the pumj) ; and 
although such conditions will only be imaginary they will form 
a simplified guide for the relatively gradual changes usually 
found in a pumping circuit. 

261. Instantaneous Starting. The pump has a short 
vertical suction pipe with foot -valve, § 290, and delivers through 
a horizontal pipe into a reservoir, Fig. ISO (i). When liquid 



Time — >■ Time 

Fig 186 Fiossuk^ and vtlotitv changes aftci pniii]) lias been started 
instantanc oush 


and rotor are at rest, tlie pressure-line or hydraulic gradient 
will be horizontal, AB. Staiting the puin]> in (assuni(Hl) zero 
time will instantly raise tJie pressure head at the delivery flange 
from to tlie new value being controlled by the pump’s 
characteristic, § 212. At the same instant the liquid at the 
delivery flange will begin to move with velocity dv. Meantime 
the liquid in the rest of the delivery ])ipe n mains in(rt. But 
it very quickly comes to life. Tlu' increased jiressure-head 
generated by the pump now sweeps along the pip(‘ in the form 
of a wave which is represented by a step in the hydraulic 
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gradient. After a very small interval of time the step has 
advanced to position CD ; after another interval, to C'D\ and 
so on. By the time the wave reaches the open end of the 
delivery i)ipe, the whole of the liquid has been subjected to the 
pressure-increment dh and it is all moving with velocity dv. 
The wave now reverses its direction, and returns without any 
change of speed back to the ])ump again, the liquid column ac- 
quiring meantime a further increase of velocity. The resulting 
changes in pressure-head and in velocity, as observed for in- 
stance at two stations XX and YY, are plotted in the graphs 
(ii) and (iii), Fig. 18(). Tlie variables are here plotk^d on a time 
basis, the sunbol dt ([(‘noting the time r(‘qiiired for the ])ressure- 
wave to make om trip from end to end ot the pipe. 

A remarkable simplicity characterises the relationship be- 
tween the factors : — 

^0 ~ speed of travel of pressure wave, 
dv — increment of velocity corresponding to an increment 
of pressure head dh. 

It is : — 


dh -= Co . - ... (17-1) 

For a given ])i])e and a given liquid, the speed of the pressure- 
wave Vq is invariahh ; it has tjie value 





(17-2) 


where V internal diameter of pijie, 

T thickness of pijje wall, 

E Young’s Modulus for the pipe material, 

K Bulk Modulus for the liquid. 

If the pipe walls were rigid and inextensible, then the speed of 
the pressure wave would be identical with the velocity of sound 
in the liquid — about 4700 ft. /sec. for water. In fact, the velo- 
city is a little less — ^i)erhaps 4000 ft. /see. or so. 

262. Accelerating the Liquid. Although just now we 
assumed that each element of liquid in the delivery pipe receives 
its acceleration in the form of a series of jerks or momentary 
impulses, yet the mean velocity of the whole column rises quite 
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smoothly and regularly. This 7nean acceleration has the 
value : — 

dv dh 

viz. it is equivalent to the acceleration of gravity multiplied 
by the ratio of the pressui*e-head increment to the j)ipe length 1. 

While the li(juid column is gaining speed, the pressure-wave 
ceaselessly sweeps to and fro along tin' ])ipe with unchanging 
velocity Tq. Meajitime the flow through the pump has now 
increased so materially that the head generated at constant 
rotational speed may begin to chang(' as dictated by the ])um]) 
characteristic. Furthermore, the \elocity through the pi})e is 
high enough to generate an ap]>reeiable frictional loss. The 
combined result is that the rat(' of accelei-ation progressively 

At Station ZZ 


Fig. 1H7. - f^ri'ssuTc-fliK 1 uatjons al((‘r insUuU.mt uiis stopjun^ of jauii]). 

decliiK's. Jn the end, after a numb(T of se(‘onds or maybe 
several minutes from the moment of first switcJiing in the pump, 
acceleration ceases altogether; the ])ressure-wav(\s have been 
completely damped out, and the whole system has settled dovm 
to normal working routine. The slo])e of tjie ]iydi*aulic gradient 
A" H in Fig. 18() (i) is account(‘d for ciitir(‘l;y by frictional loss, 
and thus tlie stead^^ conditions resemble tliose of § 240 (ii). 

263. Instantaneous Stopping. It will be convenient first 
to assume that the suction jiipe of the system has no loot-valve, 
Fig. 187, and that the pum]) is running normally. The sudden 
stoppage of the ])um]) sets in motion a pressure-wave of the 
same nature as before ; but its am])litude is now much greater 
— it is in fact equivakmt to the manometric head on the pump. 
The mean rate of retardation of the liquid column is corre- 
spondingly high. TJie column quickly comes completely to 
rest, and then it reverses its direction and begins to travel 
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backwards ; liquid drains back from the reservoir into the 
suction well. In consequence the pump rotor begins to revolve 
backwards-way also ; it behaves like a turbine runner. Al- 
though these reversals liave no effect on the pressure- wave, 
which continues to course to and fro with unimpaired speed, 
yet before long, perceptible damping occurs ; in the end, all 
pressure-fluctuations su])sido, and the final flow picture can be 
represented by the line A"'B, Fig. 1S7. Tlie rate of uniform 
return flow tlirough the system will depend upon the frictional 
resistance of the pipe and upon the hydraulic resistance of the 
pump rotor, whose terminal reversed speed may be much higher 
than its normal forward speed. 



Fi«. 1S8, —Posilivc^ and nopilivo pn‘ssnro Hiirgns aftnr cdoRiiro of roflux-valvo. 


Effect of Foot-valve. The presence of an automatic foot- 
valve or other form of reflux-valve in the circuit, Fig. 188, has 
no a])pre(n'able effect until the licpiid column is on the point of 
coming to rest. When the liquid now tries to run backwards 
it is bruscpiely checked by the foot-valve, wjiich has just 
closed. The resulting inertia presvsun' or water -hammer con- 
verts the wave of negative pressure (relative to the delivery 
level) into a positive pressure^ wjiose intensity may bo as great 
as the original static head ; that is to say, the maximum pressure 
on the suction pipe is double the static liead. It is this positive 
wave that now traverses the system, Fig. 188. Another 
negative surge will follow, and the alternation will continue 
until the available energy in the })i])e at the moment of foot- 
valve closure has be(m wliolly dissipated. During this period, 
of course, the liquid column as a whole is stationary. 
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264. Separation in the Liquid Column. Figs. 187 and 
188 show an important secondary effect of instantaneously 
stopping the pump. As soon as the step in the negative 
pressure wave has traversed a given point in the delivery pipe, 
the pressure-head at that point changes from positive to 
negative (using these terms in their u,sual sense) ; viz. the 
pressure falls to sub-atmospheric. What would happen if the 
delivery pipe were to be raised to the new position, Fig. 187 
(broken lines), ever 5 dhing else remaining as it was ? If the 
vertical height h' were 50 ft. or so, apparently a negative head 
of 50 ft. would be generated. But we know that a negative 
head of 34 ft. of water is tlie utmost that can by any possibility 
be realised. The net result of these conflicting influences is 
what is termed separation. At the point in the ])ipe at which 
the limiting negative head is first attained, the liquid column 
breaks, and an empty vacuous space is foi rned between tlie two 
portions. As the rear ])art of the column suffers far more vio- 
lent retardation than the front part, tlie intervening sjiace at 
first widens ; but later on, the gap closes The impact between 
the two parts of the column when they re-unite is quite ex- 
ceptionally seven', and would almost certainly cause damage 
to the line. 

265. Actual Conditions during Starting and Stopping. 

Turning now from imaginary and artificial conditions to actual 
operating procedure, it is evident that the general characteristics 
of the pumping set as a whole may have a pronounced influence 
on pressure changes in the line. The moment of inc'rtia of the 
rotating parts, and the energy required to accelerate them, 
must certainly be taken into account During the accelerating 
period the motive unit — engine or motor — is called upon to 
deliver energy not only to the liquid column but also to the 
mechanical elements of the set. Similarly the energy stored 
in these revolving elements will to some extent control the rate 
of retardation of the liquid, when the ])ump is stopped. The 
nature and position of the valves in the pipe-line must also be 
studied ; for example, reflux-valves or sluice-valves. In regard 
to the pump itself, we are required to make this fundamental 
assumption : that although the characteristic curves supplied 
to us were derived from observations taken each witli the pump 
running at a steady speed and delivering a steady flow, yet we 
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must accept them as being applicable also during rapidly- 
changing conditions. During the transitory regime now being 
studied, we know that the pump speed will only instantaneously 
have the value N ; nevertheless if at that instant the rate of 
discharge has the momentary value Q, then we shall claim that 
the corresponding instantaneous head 11 has the value read off 
from the appropriate characteristic. 

The sum total of factors that may have to be taken into 
account during variations in flow conditions thus include : — 

(i) Lengtli, diameter, wall thickness, and lay-out of piping. 

(ii) Position and nature of valves. 

(iii) Nature of liquid. 

(iv) Initial mean velocity of liquid. 

(v) Head-discharge and jjower-discharge pump character- 
istics. 

(vi) (^laracteristics of starting-mechanism of pumping set. 

(vii) Relation between speed and kinetic energy of revolving 
parts. 

266. Starting the Pump, (i) Against Closed Throttle. A 
common method of starting centrifugal pumps is to keep the 
delivery si nice- valve or other vahe fully closed during 
the whole accelerating jKTiod, § 354. Only when the pump is 
running steadily at normal speed is the valve gradually opened 
and the accelcTating Jiead ap])iied to the liquid column, which 
has hitherto remained in(*rt. The pressure waves such as those 
which would conespond to instantaneous starting. Fig. 186, 
are now almost iniperce])tible ; the whole operation is entirely 
under the control of the attendant. 

In regard to the torcpie to be applied to the rotating parts 
of the pumping set, we know that at the instant of first starting 
from rest, the puini^ rotor delivers no energy to the liquid ; 
the gross starting torque is absorbed wholly in accelerating 
the pump rotor, the couplings, and the moving parts of the 
motive unit. As the pump gathers speed, the torque demanded 
by its rotor increases, its value being obtainable from the 
closed-throttle point of the appropriate characteristic. The 
difference between this torque, and the total torque applied 
to the set, gives the residual torque available for generating 
angular acceleration (^). If an electric dri\ing motor were in 
question, it would thus be possible to design the starting gear 
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to suit a stipulated niaxiumm current, or to choose between a 
squirrel-cage or slii)-ring induction motor, etc., etc., § 280. 

(ii) Against liejlux-valve only. Here the pipe system is 
assumed to be unobstructed except by a reflux-valve which 
keeps the liquid column from running backwards, § 290. After 
the pumping set has been started up, the sequence of events is 
identical with what occurs under closed-throttle conditions, (i) 
above, u]) to the point at which the moimting pressure forces 
open the valve. Immediately an aceelorathig force is impressed 
on the liquid column. A pressure wave will make its way along 
the pipe ; although its amplitude may be much less than 
was depicted in Fig. 18() ; and although the wave form will 
certainly be different, yet the pressure variations may be quite 
pronounced, especially if a pow^'erful starting torque is avail- 
able. Such conditions arise if a dirc‘ct-on lin(‘ motor starter 
is used, § 280. Moreover, as flow at an increasing ratt* occurs 
through the ])ump rotor, the (‘qiiivalent ])ow'er input also rises, 
with a corresponding etb'ct on the lud torque available for 
acceleration. 

Special ])roblems met with in pn)].>clhr- 2 nimp installations 
are mentioned in § 327. (Example 34) 

267. Stopping the Pump. Just as it is often good practice 
to start a pump against closed throttle, so also is it desirable to 
stop it against closed throttle. With the ])ump running steadily, 
th(‘ delivery valve is gradually clos(‘d until the whole liquid 
column is “ dead ” ; then and only then is power cut off from 
the mother. Alternatively, the s})eed of the pum])ing set may 
gradually be reduced by hand regulation so as to bring the 
liquid column to rest without major ])ressure fluctuations. In 
either case wa^ assume tiiat the ox)eration is wholly under the 
control of the attendant. But sup])ose the attendant is in- 
experienced or careless or absent altogether ? Su])j)ose he shuts 
down an electrically-driven set by pulling out the main switch 
before closing tjie delivery valve ? Or suppose there is a dis- 
turbance in the electri(5 power supply— a current failure or the 
like — that causes the motor to tri]) out automatically ? These 
are normal risks that must be accepted, and that call for suitable 
protective measures. In considering what this protective 
technique shall be, it will only be j)ossible in this chapter to 
study the special case of electric pumping sots from which the 
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supply-current is suddenly cut off, either deliberately or 
accidentally. 

Until the current is broken, the set is running at a steady 
speed and the whole of the energy delivered to it is either 
transferred to the liquid or dissipated in mechanical or fluid 
friction, in heating the surrounding air, etc. The instant after 
the power supply is interrui>ted, there remains only one source 
from which energy can bo drawn for feeding to the liquid : it is 
the kinetic energy stored in the rotating parts of the set — ^the 
pump rotor, the couplings, the motor armature or rotor, and 
so on. It is a strictly limited source. The instant it is ex- 
hausted, the pumping set must come to rest. The rate of re- 
tardation of the revolving parts at any instant will depend upon 
the moment of inertia of these parts and also upon the hydraulic 
conditions at that instant, i.e. uj)on the speed, head, and 
discharge of the pump. It can be estimated thus : — 

Let / — moment of inertia of whole revolving masses, 

- combined W('ight X (radius of gyration)^, 
hN - drop in speed during a small interval of time 8^, 
W, He, N and rj^ hav(^ their usual significance 
(discharge, effective head, s])eed, and gross effici- 
ency) and their momentary values during this small 
interval of time, 

is a constant, which includes the value of the 
acceleration of gravity, g. 

Then it can bo shown that 

8N K,WII, 

raiv of rcta relation - ~ • (17-3) 

ht 

If I is expressed in lb. weight (feet) 2 , W in lb. /sec., in feet 
head, and N in revs. /min., then the constant A\ has the value 
2900. 

If 1 is expressed in kg. (metres)^, W in kg. /sec., and //« in 
metres head, then K, — 930. 

268. Shape of Pressure-wave. By combining a step-by- 
step method with a system of trial and error, we can now use 
equation (17-3) to ])l()t curves between time after interruption 
of power supply, and (a) speed of set, (b) head generated. They 
are seen in Fig. 189 (i) ; tlm slope of the time-speed curve at 
any ])oint has the computed value 8NI8L In turn these curves 
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enable us to construct, for the actual conditions of gradual 
retardation of the puni}), the shape of the })ressure-wave that 
we have already drawn for the imaginary case of instantaneous 
stoppage, Fig. 187, § 263. We first assume tliat the gradual 
slowing down of the pump rotor is carried out in small sudden 
jerks or stops, as indicated in Fig. 189. If the period of re- 
tardation is divided into a number of small equal intervals, 
then at the mid-point of each interval the head is imagined to 
drop suddenly, thereafter keeping steady until the next drop. 



Fig. 189. — Stop-])y-.stop plotting of press ure-rlmngcs during gradual 
j)uin]) .stoppage. 


By making the time-intervals sufficiently small, wt> can approach 
as closely as wo please to the actual smooth curve, diagram (i). 

Each sudden change in head will generate a pressure-wave 
along the pipe of precisely the same rectangular form, and 
travelling at the same speed, as the wave depicted in Fig. 187 ; 
but the height of the wave is now much smaller. Tlie true 
pressure-head in tlie pi])e at any j)oint and at any moment may 
be found by combining the effects of the individual waves ; 
and this summation can readily be made graphically as in 
Fig. 189 (ii). In this diagram the horizontal distance or 
represents the distance traversed by any wave in any one 
time interval, while tlie vertical heiglit represents the 
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amplitude of the first wave. Thus at the end of five time- 
intervals the first wave of amplitude Co^o reached point Pg 
in the pipe, the second wave has got as far as P 4 , and so on. 
By smoothing out the steps in diagram (ii), we arrive at a fair 
presentation of the true pressure- wave ; the line Fig. 189 

(iii), shows the distribution of pressure-head after two time- 
intervals, and the line shows the state of affairs after five 
intervals. 

Comparing now the general types of waves in Figs. 187 and 
189 (iii), we observe that the true wave is much less likely to 
be dangerous than the imaginary one. If a line such as A^B^ 
in Fig. 189 (iii) represented extreme conditions, then the pump 
delivery pipe could liave the slope shown in the diagram without 
exposing it to the risk of abnormal pressure-shocks resulting 
from separation ”, § 264 : at no point would there be a nega- 
tive head in the pipe. We can admit, then, that this system of 
representing transitory phenomena is most illuminating. The 
trouble is, unfortunately, that the method of construction is 
extremely tedious. The reason lies here : the various diagrams 
in Fig. 189 convey no information whatever about the discharge 
through the pumj) when once it has begun to slow down. Yet 
the relation between pump si)eed and head plotted in diagram 
(i) cannot in fact be established until the momentary discharge 
is known, § 267, tliese throe variables being rigidly linked by 
the shape of the jnimp characteristic cur\^o 8 . To eliminate 
this uncertainty, and the trial and error system it imposes, we 
may turn to the very elegant graphical method recently de- 
veloped by Professor II . W. Angus, Professor Bergeron, and 
others (^). By following the precise instructions now to be 
given, designers can confidently use the method even if they 
have no time to study the underlying principles. 

269. Graphical Plotting of Transitory Conditions. In 
these instructions it is assumed that the pump delivers against 
a static head into a long pipe of uniform diameter and of 
length Z, as in Figs. 186-189. Friction and velocity heads are 
disregarded. The successive steps are : — 

(i) From the given head-discharge pump characteristics, 
prepare a new chart in which head is plotted against delivery 
pipe velocity v instead of against pump discharge, Q. This can 
quickly be done by tracing the original curves just as they 
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stand, merely altering the graduations of the horizontal axis, 
i.e. dividing discharge by pipe area so as to yield v = Qja, 
Fig. 190 (i). 

(ii) From the known details of the delivery pipe and of the 
liquid, calculate the speed Vq of the pressure-wave along the 
pipe (17-2), § 261, and hence find the time dt ~ Ijvo required 
for the wave to make one journey along the pipe. 

(iii) From equation (17-3), § 267, and the known particulars 
of the pumping set, calculate the drop in speed 28Nq corre- 
sponding to a small interval of time 2 dt, viz., the period of 
time needed for the pressure-wave to travel from tlie pump to 
the open end of the pipe and back again. If N ^ was the original 
pump speed, then the speed after 2dt seconds from the moment 
of tripj)ing out the motor will be A 2 Nq— 2hNQ. 

(iv) By interpolation from the original II — Q character- 
istic curves, plot the head-velocity curve corresponding to 
speed iV’a, as shown at ” ^2 hi Fig. 190 (i). 

(v) Calculate the numerical value of tJio expression 

speed of pressure-wave 
g acceleration of gi avity * 

(attending carefully to U7iits (17-1), § 261). Henceforth the 
entire graphical construction consists only of a network of 
straight lines having a vslope v^Jg, intersecting a scries of head- 
velocity curves. If the distances AE, AC and AD, Fig. 190 
(ii), are set off so that the ratio 

units of head plotted vertically 
units of pipe-veloc*ity plotted liorizontally 
has the specified numerical value VQfg, then the construction 
lines can at once be drawn parallel either to DE or to DC. 

(vi) From the point 0 representing steady flow conditions 
before stoppage, draw construction line Oa^ intersecting char- 
acteristic curve N 2 — N 2 at point ag* 

(vii) Using now the reduced speed N 2 , calculate from 
equation (17-3), § 267, the pump speed after a further time 
interval 2 dt. Plot the corresponding curve on the chart. 

(viii) Draw construction lines a 2 b 2 and b^^, touching the 
static head line at 62 - As we have agreed to ignore friction head 
and velocity head, the effective head on the pump is equal to 
the static head Hg. 
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(ix) Continue for speeds of etc., until the original 

velocity is exhausted, viz. until the constraction lines begin to 
cross the axis v = 0. 

(x) Now interpolate new head-velocity characteristics re- 
lating to speeds Ni=-- Nq — 8Nq, iV'g = iV ^2 

shown by broken lines in JFig. 190 (i). (The sj^eed-drop 8Nq 
corresponds to a time -interval di, or period for the pressure- 
wave to make 07ic single journey along the i)ipe.) Add the 
construction lines shown broken in the diagram. 

(xi) Finally join tlie points O . . . . . . c/g . . . Ug, etc., 

by the heavy line as indicated. 

270. Interpretation of the Velocity-head Diagram. 

What information can extract from tlie completed diagram. 



Fig. 190. Crrapluftil oonstrudioii for e\aliuitiiig intensity of pressure -surges. 


Fig. 190 ? It is as follows : («) The heavy line 0 . . . ag • • *^4 
is a recoid of prc'ssiire-lu^ad Aui-iatioiis a.s* mtasured across the 
j)U7np flavijes. It shows at once that by the time the liquid 
column has conu^ to n'st, llu* ])ressure-head difference has fallen 
from the original valu<' 7/, to the minimum value 11^ - - AG, 
(b) Although heads are Ihti' ])lotted against ])i]>e \ eloeity, it is 
an easy matter to transfer tluun to a time basis, for we know 
that the suec(*ssi\e jioints 0, ag, etc., relate to successive 

I 

time iuter\als of dt — . Thus the time-pressure diagram. 

Fig. 189 (i), which we could hitherto only have constructed 
very laboriously, can now be plotted straight away. Indeed 

325 



§271 ROTODYNAMIC PUMPS 

if it is our purpose to draw the shape of the wave in Fig. 189 
(ii), there is no need to plot diagram (i) at all ; by giving the 
time-intervals between the sudden liead-reductions tlie value 
dt, then the corresi)onding reductions of pressure-head can be 
scaled off directly from Fig. 190 (i). (c) Readers who have 

interested themselves in tlie principles of the graphical method 
will observe that the points and 64 , for instance, represent 
to scale the velocity in the pipe at the open end near the reservoir, 
after periods (from the moment of trij)ping out of the motor) 
of *6 dt and 5 dt res])ectively. (Example 35) 

{Note . — Although tho graphical method is fundaiiiontally flawless, certain 
corrections may be desirable in putting it into e=>ffoct. The neglect of friction 
loss and velocity head in the pipe has alrcuidy been montionod. Furtherinoro, 
the api^ropriaie values to lie inseri<Ml in equation (17-,‘l) should really relate to 
conditions at tlu^ middle of tlie period uinler const ruction, not those at tlie 
beginning of tho period. Again, this equation tak(‘s no account of the energy 
absorbed during the retarilation [x'lMod by the motor biuirings and by armature 
windage. On the otlnn* hand, the ])umj) gross eflieieney can quite permissibly 
be iiiterjiolated from the iso-eflieieney (sirves, § 222.) 

271. Return-flow Conditions. Tlio velocity -head dia- 
gram, Fig. 190, has by no means exhausted its utility ; it will 
continue to Jielp us in studying tlie behaviour of the pumping 
installation after the li(j[uid column has come to rest. If the 
system includes no reflux valve or the like, thtm the n^tardation of 
the column will be maintained and will lead to a negative 
vtiocity in tlie pipe — tlie liquid wdli beghx to flow backwards 
through the ])ijmp, which itself may still be rumiing in its 
normal forwards direction, although witJi rapidly-falling speed. 
There are two phas(‘s in the ensuing secfuonoe of phenomena : 

(i) tlie residue of kinetic energy in the rotating j)ai*ts will be used 
up and the sot will come to rest, the liquid meantime flowing 
backwards tlirougli the rotor at higluT and liigjier speeds, 

(ii) the set itself now begins to run backwards-way, and con- 
tinues to accelerate until the terminal steady conditions sketched 
in Fig. 187, § 263, are readied, viz. the entire static liead is 
absorbf'd in generating velocity head and in overcoming the 
friction of the pipe and tlie hydraulic resistance of tlie pump, 
which itself is now beliaving as a turbine. The first phase only 
wall be examined here. 

As soon as tho construction lines of Fig. 190 (i) overstep 
the line of zero velocities, they enter an uncliarted region ; 
after all, one cannot expect a pump-maker to say what his 
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machine would do if liquid flows through it backwards- way, 
nor would it be complimentary to him to suggest that his pump 
would ever be thus humiliated. But there is little difficulty 
in setting up a test-rig which will yield the required information ; 
it will embody an overhead tank or the like for forcing water 
backwards-way through Ihe pump, at measured speeds and 
rates of reverse flow (^). When, after such experiments, the 
normal pump eharaetc'ristics are extended into the zone of 
negative flows, they are found to have the form seen in the 
left-hand side of Fig. 190 (i). By continuing the })attern of 
construction lines onwards from point 64 , we see that the 
pressure-head generated at the puni]) flange now begins to rise 
slowly from its lowest valiK^ at zero discharge. 



Tim after smtQhmg off motor, seconds 


Fic. 191 — Fressuro \Aavo in actual pumping installation. 

272. Water-hammer created by Reflux-valve. The 

interposition of a non-return valve in the circuit showm in 
Fig. 188, § 263, had Ihe effect of instantaneously generating a 
positive pressure surge. A similar result will follow a similar 
cause in the actual conditions of gradual pump stoppage ; but 
naturally the intensity or amplitude of the surge may now be 
less than it was when sudden pump stoppage was stipulated. 
The maximum rise in pressure-head thus experienced in the 
pipe near the pump delh cry flange can be scaled from the right- 
hand velocity-head diagram, Fig. 190 (ii). From point C, repre- 
senting minimum pressure at the moment of zero pipe velocity, 
the construction lines CD and DE are drawm at their stipulated 
inclination (if they have not already been drawn), and the point 
E then represents the desired maximum pressure. Just as in 
Fig. 188, the positive pressure surge has the same numerical 
value as the negative surge. 
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An actual autographic time-pressure record traced during 
the shutting down of a large pumping set is reproduced in 
Fig. 191. The first part of the curve, from the moment of 
cutting off power to the moment the reflux-valve closes, 
closely resembles the computed curve, Fig. 189 (i) ; there- 
after the series of peaks and hollows, corresponding to the ideal 
rectangular graph in Fig. 188, shows how the wave form is 
modified by the rate of retardation of the pumping set and by 
the peculiarities of the pi])e-liiic (^). 

273. Slam-pressure due to Uncontrolled Automatic 
Reflux-valve. Hitherto we have believed either that the 
ideal foot-valve closes inslantly, the moment the liquid column 
comes to rest, or else ihat the actual foot \alve is so contrived 
or controlled as to give the same effect. Ordinary types of 
reflux-valve as sold commercially do not mt^el this stipulation, 
§ 290. On the contrary, we can be sure that when such a valve 
is in use and when the liquid column is undergoing rapid 
retardation after the })um]) motor has tii-jqied out, re\ersal of 
the column will already hav( occurred before the fia])-door finally 
reaches its seat : that is to say, the liquid column is moving 
backwards at an apjireciable speed before it is violently arrested 
by valve closure. It is easy to form a rough imjiression of how 
severe the resulting sho(*k jiressure may be. Let us assume (i) 
that the flap-dooi of the reflux-valve is so light in weight, or is 
hung in such a manner, that it responds passively to tlie move- 
ments of the liquid column, (li) that during normal pump 
operation the door has an efiective openmg of 1 in., (iii) that 
the ratio of the retarding head on the column at the moment 

AG 

of arrest, to the length of the liquid column, hjl , Fig. 1 90, 

has the v alue From § 262, the lesulting mean rate of retarda- 
dv 

tion, — , is g(h //), v iz , 8 ft. /sec. ^ Using the fundamental law of 
at 

motion, we find that after the column and the flap door have 
moved 1 in. backwards, from the instant of zito velocity, they 
will have attained a negative or reverse velocity of 1*15 ft./sec. 
The lesulting water-hammer pressure, as computed from the 
usual approximate formula for sudden valve closure, has the 
value 63*4 x 1-15 73 Ib./sq. in. 
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Now this pressure is altogether distinct from, and additional 
to, whatever positive surge was generated by the main pressure- 
wave in the pipe, Fig. 190. It may therefore be given the 
distinguishing title fdam-prefisure. The autographic pressure 
diagrams reproduced in Fig. 192 prove that its value is quite 
as higli as our tentative calculations, above, had led us to 
expect. The (‘onditioiis were : 8-in. pump ; large 10-in. foot- 
valve at bottom of vertical suction-pipe. Diagrams (i), (ii), 
(iii), total static Jiead 4 m., length of water column = 11 m. 
Diagram (iv), static head — lo m., length of water column — 
17 m. Ttwill be noticed : (r/) that the slam-pressure isvorymuch 
great(T than the normal static head, //^, on the installation, but 
that {b) as the initial rate of flow through the pumy) (before 
jmlling out the main switch) is reduced, vso also does the severity 



Sca/e of tenths of a second 
Fig. J02.— Autographic records of slam pressures. 


of tJie slani-y)ressure fall aAvay, (r) that tlie shock shown in 
diagram (i^ ) w’^as so \ ioJent that the indicator ctnild not accur- 
ately record the j)eak y)rcssure. These y)articular diagrams are 
tyi)ical of many y)um|)ing systems having relatively short 
yjiy)es ; the disturbances arising from “ slam are much more 
ti*oublosom(‘ than those that de])end on “ surge 

274. Effect of Relief Valve. There is one final way of 
convincing an oliserver who might still be sceptical of the 
ymnishing effects of uncontrolled refiux-valves. Let him stand 
by tlie side of the ])umy)ing set during the process of shutting- 
down represented in Fig. 1 92 : the hammer-blow is no mere 
figure of syieecli —it is quite audible, and the accompanying 
tremor of tlie yiumy) and pipework camiot be mistaken. Neither 
the pump nor the i)iping can bo expected to enjoy the experience. 
Paragrayihs in Part D of the book, §§ 326-337, describe 
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various methods of relieving the inertia shocks consecjuent 
upon uncontrolled pump stoppage. Here it must suffice 
to see what the possibilities are likely to be. There are three 
separate — ^though not necessarily unrelated — types of surge to 
be considered : (i) the maximum negative surge, (ii) the maxi- 
mum 'positive surge, Figs. 188, 190, and (hi) the slam -pressure 
for which the reflux-valve alone is responsible. For a given 
pumping installation working under specifled conditions, there 
is no method of controlling the negative surge ; it must in- 
evitably develop. But there are various methods of modifying 
the installation, or its mode of operation, so as to reduce the 
intensity of the negative surge. 



Time, minuter 


Fig. 193. — Time-i^ressure diagram, without and with relief-valve, 
for pipe 12,350 ft. long. 

Anything that reduces the negative surge will also reduce 
the ensuing positive surge. The positive surge may also be very 
nearly eliminated by opening a relief-valve in the pipe at the 
same moment that the reflux- valve closes. Fig. 193 ; this allows 
the positive wave to dissipate itself harmlessly instead of build- 
ing up an undesirable pressure against the reflux-valve (^). 
Thereafter the relief- valve is gradually closed in such a way as to 
bring the reversed liquid column slowly to rest. The general 
disposition is shown in Fig. 193, which also demonstrates how 
successful the relief-valve may be in actual use (*). 

Before the relief-valve was fitted (broken line), the pressure- 
fluctuations were serious and persisted for several minutes. 
After using the relief-valve (full-line), excessive pressures were 
hardly noticeable. 
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INSTALLATION AND OPERATION 

CHAPTER XVIII 

ALLIED MACHINERY AND AUXILIARY 
APPLIANCES 

§ No. § No. 

PartnoTfl and servants of the Bedplate, foimdations, etc. . 286 

ynirn]i . . . .275 Suction, delivery, and other 

Range of driving machin(‘ry . 276 piping .... 287 

Electric motors . . . 277 Piping systems (continued) . 288 

Variable -speed A.C. motors . 278 Valves ..... 289 
Special mo mrs. . . . 279 Reflux or non return valves . 290 

Switch-gear .... 280 Priming equipment . . . 291 

Automatic (dectric control . 281 Evacuating appliances . . 292 

Steam turbines . . . 282 Other auxiliary api)liances . 293 

Internal-combustion engines . 283 Indicating and recording instru- 

Transmission systems . . 284 ments .... 294 

Indirect transmission devices . 285 Some typical groupings . . 295 

Buildings, ]>ump-roorns, etc. . 296 

275. Partners and Servants of the Pump. The pump is 
built, tested and ready to work. Presumably we know how it 
will behave when driven at various speeds, how it will respond 
to changes of suction lift, to changes of liquid density, and so 
on. Now there remains the problem of incorporating the 
machine into a complete pumping installation. That means 
that other items must be chosen, the whole plant assembled on 
site, and a maintenance programme framed that should ensure 
long and successful service. Such is the material that forms 
the subject-matter of Part D of this book. 

In our role of supporters and protectors of the pump we 
need not be too delicate in specifjdng which of the additional 
appliances are partners and whicji are servants of the pump. 
In a general way, we must regard ever^dhing else in the in- 
stallation as in some degree ministering to the requirements of 
the pump and tlierefore subject to our control and supervision. 
This complementary equipment may include : — 

(i) The motive-unit — ^the engine, motor, or wliatever it 
may be — ^that drives the pump or delivers energy to it. 

881 



§276 


ROTODYNAMIC PUMPS 


Here we shall certainly be well-advised not to quibble 
about orders of precedence, but to grant the title of 
partner without hesitation to the motive-unit. 

(ii) The transmission device between motive-unit and 
pump, e.g. belt, gear-box, coupling, etc., etc. 

(iii) Bedplate, foundations, etc. 

(iv) Suction and delivery piping, manifolds, etc. 

(v) Valves and control organs of all kinds interposed in the 
piping. 

(vi) Auxiliary pumps aixd apparatus. 

(vii) Measuring and recording instruments for use during 
the operation of the plant. 

(viii) Buildings or protective equipnuuit foi‘ the installation. 

Although whenever possible we sliall willingly accept stand- 
ard material whose design we leave vvilh confidence to specialist 
manufacturers, yet if the pum])\s comfort or (*onvenience de- 
mands it we may liave to frame quite partu'ular sj)ccifications. 

Motive-units 

276. Range of Driving Machinery. Roi odynamic pumps 
are nearly always driven by one or other of the following 
machines : — 

(i) Electric motors. 

(ii) Steam turbines. 

(iii) Internal combustion engines. 

Reciprocating steam engines are still in use to a small extent, 
but they are very rarely includcTl in new installations, except 
on ship-board. Occasionally there may be special conditions 
in which a water-tuibine could drive tlie ])um]). When small 
pumps serve as auxiliaries to larger machines of ev(Ty kind, 
they may draw their power directly from tlu' main machine, 
through shaft, gears, etc. 

A primary question to be settled is, what should be the 
rated output of the driving unit ? Shall we Hatter the pump by 
specifying a motive-unit whose B.H.P. output is just equal to 
the S.H.P. pump input ? Or shall there be a generous margin 
— 20 per cent, or so— to allow for det^^rioration in the perform- 
ances of the pump and of the motive-unit ? Cliapter XVI has 
explained some possibilities of decline of pump performance ; 
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the makers of the motive-unit should be able to tell what to 
expect from their own products. So the only comment worth 
adding here is this : if the rating of the motive-unit is a little 
on the generous side, so tliat it can be confident of being master 
of its work no matter what happens — within reason — ^then 
nobody need ever hear about it. But the engineer may never 
hear the last of an undersized unit that is always struggling 
witli adversity. Mo]*(iover, as rotodynamic pumps often run 
continuously night and day, the rating of the driving unit may 
have to be on a twenty-four hour basis. 

The next question is shaft speed and its possibility of varia- 
tion. Chapter XV has shown how mucli better the pump 
behaves if it can clioose its own speed to suit changing re- 
quirements ; so manifi^stly a variable-speed motive-unit may be 
very advantageous. In regard to matching the speed of the 
motive shaft to that of tlie pump shaft, a good deal of give-and- 
take is possible Iktc, with the pump designer frequently in the 
role of the giver. So long as he is warned beforehand, lie can 
vary the ])iunx> s^ieed to suit given conditions either by modifying 
the shajie of the roi/or, § 228, or by varying the number of rotors 
in a multi-stage puiiq), § 117. When such possibilities are ex- 
hausted, the tT*ansiiiission gear, § 284, must bridge the gap in 
speeds. 

The last of these general questions is the direction of rotation 
of the driving shaft. The installation and oxx^rating conditions 
may recpiire that the pumj) occasionally runs backwards-way, 
§ 271 ; or at any rate they may indicate that such an emergency 
may arise and that apjiropriate ])ro vision must be made for it. 
Will the motive-unit come to any harm if it is forcibly compelled 
to share this revtMVsed rotation ? 

277. Electric Motors. In jiopular terms, one might say 
that rotodynamic jnimiJs and electric motors were made for 
each other Pump rotor s])eed and electric; rotor speed very 
often “in fa(;t nearlj^ always —permit of direct coupling of the 
two shafts, and the even torque delivered by the motor is 
exactly matched by the even torcpie required by the pump. 
Only in the matter of six'ed variation is the electric motor often 
disinclined to co-operate. 

Direct-current Motors. These are naturally the pump’s first 
choice. The range of speed provided by normal regulation 
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(rheostatic control of shunt field circuit) is adequate for all 
usual pump requirements. 

Alternating-current Motors, (i) Synchronous. This term it- 
self has a discouraging sound. How can we expect rotational 
fiexibility when the motor speed is controlled solely by the 
frequency of the supply-circuit and the number of stator poles ? 
Thus for a 50-cyclo circuit the speed range is confined to fixed 
values such as 1500, 1000, 750 r.p.m., etc. 

(ii) Induction. Here again standard machines are virtually 
tied each to a single speed, which is a little lower than the 
synchronous speed by the amount of the slip. The jump from 
about 1450 r.p.m. to about 2900 r.p.m. is often exee])tiona]ly 
irksome, for the intervening range may cover just those speeds 
most likely to be useful for standard single-stage pumps. Also 
the maximum attainable speed (in Great Britain) of 2950 r.p.m. 
is sometimes less than the pump maker would like. 

278. Variable-speed A.C. Motors. Specially-designed 
A.C. motors, or standard machines with special equipment, can 
be provided to give either (i) an infinitely variable range of 
speed within specified limits or (ii) a choice of two speeds. The 
types most likely to be useful (*) for driving rotodynamic 
pumps are : — 

(i) Standard Slip-ring Motor, with Rotor Resistance. In- 
creasing the external rotor resistance increases the slip 
and thus brings down the speed. But the whole of the 
energy absorbed in the resistance is wasted, and more- 
over, the speed for a given setting of tlu' resistance is 
influenced by the load. 

(ii) Motor with Pole-changing Device. The stator windings 
effectively in use* can be changed by a simple switching 
device, enabling either of two spe(*ds (but no inter- 
mediate speeds) to be obtained. Sometimes virtually 
two separate motors are mounted on one shaft, eacli 
being a standard machine, but the number of stator 
poles being different in the two units. 

(iii) Commutator -type Motor. Infinitely-variable choice of 
speeds over a wide range is available, but voltage is 
limited to about 600. 

(iv) Motor with Frequency-changing Set. When si^eed- 
reduction is desired, the main motor works in con- 
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junction with an auxiliary motor mounted on the same 
shaft ; this auxiliary motor is energised from the slip- 
rings of tlie main motor, through the medium of the 
rotary frequency -changing set. 

(v) Motor with Scherbins Equipment,"^ Here also a special 
rotary unit — a “ slip regulator ” — ^is used to obtain 
speed reduction. Like the frequency-changing set, it 
gives infinitely-variable speed control. 

From these possibilities, the most attractive is the com- 
mutator motor, (iii), for the smaller range of powers, and the 
Scherbius-controlled motor, (v), for large outputs. In any event 
the final choice can only be made after alternative means of 
regulating the head and output of the pump have been studied, 
Chapters XVI, XIX. 

279. Special Motors. From the point of view of the 
motor manufacturer, none of the machines hitherto mentioned 
rank as special ones : they do not require major adaptations to 
enable them to suit the pump. But sometimes the electrical 
motive-unit must be, in whole or in part, non-standard. Some 
examples are : -- 

(i) The small motors required for flange-mounted pumps, 
Fig. 38 (ii). 

(ii) Motors for submersible bore-hole pumps. Fig. 92. Of 
all machines, these depart most widely from standard 
construction. 

(iii) Vertical motors with hollow shafts, adapted for bore- 
hole pumping plants, § 315. 

(iv) Occasionally the motors for large shaft-driven borehole 
pumps are set at the bottom of a dry well, of which the 
borehole itself forms the downward continuation. Dis- 
sipation of heat is here the problem, and it is solved by 
providing the entire motor stator with a water-jacket. 
In other underground pumping-plants, it may be 
necessary to devise special air-cooling systems for the 
motors. 

(v) Inclined motors for inclined propeller pumps, Figs. 70, 
204 (II), may require special study. 

280. Switch-gear. Some notes on the starting conditions 
of rotod 3 mamic pumps have been given in § 266 ; whatever the 
type of pump or conditions of installation, the hydraulic part 
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of the torque is invariably zero at the actual moment of starting, 
from rest. At this moment, that is to say, the driving motor 
only nexjds to deliver to the pump shaft a torque sufficient to 
move from rest the rotating elements of the pump. It is true 
that this torque may be more than that required merely to 
overcome inertia ; if the pump has been standing idle for a long 
time, the working parts may have b(^come partly rusted up or 
silted up. When once the resistance of the liquid becomes 
operative, the rate at which it builds u]) will depend upon the 
characteristics of the entire hydraulic* circ'uit ; thus the per- 
missible speed of o})eration of the motor starling-gear, in order 
to keep within a stipulated starting cuiTcmt, may be assc'ssed 
by the methods explained in § 206. Sometimes tijc favourable 
starting characteristics of the ])um])ing set jxTinit simpler gear 
to be used than would otherwise be possible* ; for instance, quite 
large squirrel-cage induction motois may ha^e diiect on-line 
starters. 

Electrical operation easily lends itself to such conveniences 
as (i) push-button starting and sto])ping, (ii) ccmtralised (*ontrol 
of a group of punqis from a single control -post, (hi) remote- 
control from a distance of scweral miles. (fSee also § 21)5.) 

281. Automatic Electric Control. Automatie or semi- 
automatic working of motor-driven ])umps can be secured by 
the use of elements responsive to changes of ])ressure, level, or 
discharge. These elcmients actuate relays whi(*h initiate the 
train of switching operations designed to start, sjieed-up, slow- 
down, or stcjp the pump motor according to si'rviec* r(‘quire- 
ments. In liquid-level confrolhd switeJus tlu* res])onsive element 
may be a float which obeys the movements of the surface level 
in the reservoir from wliich the pump draws or into wliich it 
delivers. When the float has fallen nearly to the bottom of, 
o.g. the delivery chamber, the pump motor cuts in ; when the 
chamber is nearly full, the float causes the motor to c*ut out. 
Instead of moving floats, fixed electrodes sel at suitable levels 
can advantageously be used. By these means the surface level 
can be maintained within whatever range is desired. 

Pressure -controlled fiwitclns are required when no free liquid 
surface is available. I'^he basic principle is represented by a 
Bourdon type pressure-gauge fitted with electrical contacts, 
and connected to the pump delivery pipe. The pump motor 
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would start when tlie pressure fell below a pre-determined 
limit, the switch-gear being energised by the engagement of the 
pressure-gauge needle with the start ’’ contact ; similarly 
when the delivery pressure rose to its ui)per limit, the needle 
would touch the stop ” contact. 

Flow-controlled switches are essentially modifications of 
pressure-controlled devices ; but they are resjxmsive to changes 
of differential })rebsure generated in a Venturi meter or the like, 
interposed in the delivery pipe. In this way the rate of flow 
of the pumj) can be k(‘])t nearly constant irr(‘sp(‘ctive of fluctua- 
tions of total Jicad. Manifestly this must be done not by 
starting and stopping the pump, but by varying its speed in 
small steps (*). 

282. Steam Turbines. These are nearly as well ada})ted 
for driving rotodyuamic pumps as electric motors are. Impulse- 
lyjje machines with a few velocity stages are often preferred, 
either with horizontal or (occasionall}") witli vertical shafts. 
Units direct -coiqik'd to single-stage side-inlet centrifugal pumps, 
running at speeds up to 10,000 r.ji.m., form the most compact 
of all ty]3es of boiler feed pumj), § 343. Such turbines are 
specially built for the jnirpose. One shaft alone carries both 
turbiiK' rotor and ])uni]) imjieller, and it may be supjiorted by 
two bearings only. 

For dri\ ing large watiu'works jiumps and machines of com- 
parable size (^), standaid designs of turbine are serviceable, 
coupled to the ])uinj) through enclosed speed-reduction gears. 

The question of the^rmal expansion may arise when verifying 
the alignment of turbine' shaft and pump shaft or gear shaft, 
§ 139, but this time it is the elevation of the turbine shaft that 
may be affeet<xi by temjierature changes. 

Steam-turbines usuallj" possess the valua])le attribute of 
s])eed variation. 

283. Internal-combustion Engines. Nearly all standard 
classes of oil engine can find a place in a pumping installation 
of one kind or another. Horizontal slow-speed units are ad- 
mira})ly adapted for direct-coupling to high -capacity, high 
specifi(*-s])eo(l pumps in drainage and irrigation stations. 
Small vertical single-cylinder engines may drive centrifugal 
pumps through V-belts, and larger vertical multi-cylinder 
engines may be direct-coupled to multi-stage pumps installed 
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in oil pipe-lines. Step-up or step-down gear-boxes can often 
conveniently be interposed between engine and pump. 

Apart from the question of reversed rotation, § 276, perhaps 
the only item of the driving installation that requires particular 
scrutiny is the starting equipment. No matter whether the 
engine is started by compressed air or by a small auxiliary 
engine, the energy available must be adequate to accelerate the 
main engine up to the firing speed in spite of the additional 
inertia of the pump rotating parts. If, because of step-up 
gearing, the problem becomes intractable on normal lines, then 
a clutch must be interposed in the transmission system, § 284. 

Direct-coupled petrol engines are specially suited for portable 
pum])ii]g sets, eg fiie pumps, contiactors’ pumps, etc., § 347. 

Very occasionally, a 6Uciion-gas engine may drive a group 
of pumps thiougii an electrical transmission system. 

Auxiliary Equipment 

284, Transmission Systems. In choosing any apparatus 
for transmitting power from motive unit to pump, we can always 
claim at least that the pump is ‘‘ easy on the drive ’’ ; its per- 
fectly uniform torque characteristics ensure that. 

Direct-coupled Sets. When the shafts of pump and of motive 
unit are coupled co-axially together, as so often happens in 
electric pumping sets, a so-called elastic or flexible eoupling is 
nearly always essential. Rigidly-bolted flanged couplings are 
usually imsuitable not only because of the side loads on the 
shafts that may arise through imperfect alignment, but because 
the shafts may like to have freedom to adjust themselves in- 
dividually in an axial direction. Thus the automatic adjust- 
ment of a multi-stage pump with balancing disc, § 124, would be 
ineffective if longitudinal constraint were jnit upon the shaft. 
The standard pin and rubber bush ty[)e of coupling serves very 
well for low and medium powers, and the steel-spring type for 
heavier duties. 

Shaft Drive. The most familiar example of a long vertical 
driving-shaft interposed between motive unit and co-axial pump 
occurs in shaft-driven borehole pumps, § 132. Horizontal units 
may be cou])led by a short shaft when the set is handling volatile 
and inflammable liquids wfiich require tjie pump and pipes to be 
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isolated in a gas-proof chamber. The shaft bringing power 
from the external motive unit is protected by a packed gland 
at the point where it passes through the partition wall. 

Hydraulic Couplings, These also are used for connecting 
two co-axial shafts, but the pump shaft and motive-unit shaft 
no longer revolve exactly at the same speed. The slip, or 
percentage reduction of pump speed in relation to the speed of 
the driving shaft, may be controlled by regulating the amount 
of oil in the coupling. If the coupling is full, then the slip may 
only be about 2 j)er cent. ; and the maximum slip with the 
coupling partly drained rarely exceeds 20 per cent. Torque is 
transmitted witliout change ; but since power is the product of 
torque and speed, it is clear that the pump power input is in- 
variably less than the motive-unit ])Ower outj)ut. The energy 
difFercmce is wasted in heat, and consequently means must be 
found for dissipating the lieat. 

This variable-speed device is only likely to be used when 
constant-speed A.O. motors are required to drive variable-output 
pumps. The energy then lost in the coupling at low pump 
outputs can be shown to be much less than tlie energy that would 
be wasted in a throttle valve if a constant -speed direct-coupled 
pump were used, § 240. (Example 36) 

Friction-clutclus are used chiefly to overcome starting diffi- 
culties when high-speed oil engines drive multi-stage high- 
pressure pum])s through step-up gear-boxes. Hydro-mechani- 
cal cou])lings have been installed for making and breaking the 
connection between very large elec*tric motors and pumps in 
hydraulic storage installations, § 3.>0. 

285. Indirect Transmission Devices. This term em- 
braces the systems that may be needc'd wlnm the ])ump speed is 
different from the speed of the motive unit. No long('r is it 
possible to keep the two shafts in line : on the contrary, they 
may be spaced some distance apart. 

Flat Belt. This type of drive (leather, camel-hair, etc.) has 
given excellent service in the past, and it will probably be a 
long time before it is wholly superseded. It is particularly 
advantageous in rough conditions when it is not possible to 
ensure accurate alignment of the two shafts. A good example 
is offered by an irrigation pumping plant where a slow-speed 
horizontal oil engine running at a few hundred revolutions per 
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minute drives a pump ruimiiig at 1000 r.p.m. or so. The effect 
of the heavy belt pull on the pump bearings must not be over- 
looked. One, or possibly two, extra outboard bearings may 
be desirable, e.g. Fig. 39 (hi), § 71. 

Multiple V-belt. Tliis neat and compact type of drive is 
raj)idly gaining popularity. By its use, very attractive little 
pumping sets can be built up from a vertical oil engine and a 
pump, mounted on a common bedplate. 

Oear~box. These units have a very wide range of applica- 
tion. As the gears are totally enclosed and run in oil, trans- 
mission efheiencies u]) to 97 per cent, are feasibh'. Step-up 
(speed-increasing) and step-down (spe('d-reducing) types are 
available, with input and out])ut shafts eithc'r ])arallcl or at 
right-angles one to the other. S])eed-increasing gear-boxes 
with shafts at right -angles may transmit power from oil 
engines to shaft di hen borehole ])um])s. As it is just as 
important to shield the gear shafts against axial loads as it is 
the ])um]) and motive-unit shafts, there must be a flexible 
coupling on both the input and the output side of the gear-box. 
Perhaps the only tj^)e of gear-box that falls outside the manu- 
facturers’ normal range is the inclined one shown in Fig. 204 (li). 

286. Bedplate, Foundations, etc. For stationary pumps 
of small and medium size, a simple combimxl bed])late for pump 
and motive unit is all that is recjuired, Fig. 38 (i), the complete 
set being bolted direct on to a con(‘r('te foundation block. 
The bedplate may be of cast-iron or welded steel. When the 
pump has a downward-pointing suction branch, Fig. 39 (i), 
or underhung transfer pi})es. Figs. 79 (i), 81, then manifestly 
the shape of the bedplate will be rather more elaborate. For 
larger units there should be special foundation pads to receive 
brackets cast on the pump body, Figs. 39 (iv), (J6 ; or the 
brackets may rest on longitudinal sti'el or cast-iron gird(Ts which 
are tlu^m selves supported by the foimdation ptwls. 

In regard to the size of the concrete foundation block, it has 
to be remembered that although motor-driven pumping sets 
nominally run without vibration, there is a chance that in 
course of time vibration may set in as a result of wear or cor- 
rosion of the rotating element, § 259. In a works or industrial 
establishment, such vibration would be regarded as harmless, 
whereas it would be objectionable in a business or residential 
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building. In this event a specially heavy foundation block 
might be desirable, or else some means of insulating the block 
from the building itself. If the motive unit, e.g. an internal- 
combustion engine, itself incorporates unbalanced elements, it 
is manifestly essential to observe all the precautions such 
machines demand. On the other hand, pumping sets intended 
for rough outdoor use can often do without foundations al- 
together ; such are multi-cylinder engines driving multi-stage 
pumps, mounted on heavy longitudinal steel skids. 

287. Suction, Delivery, and other Piping. There are 
at least three different aspects from which the piping system 
may usefully be studied : {a) The effect on pump performance 
has already been reviewed in §§ 240 to 244, (b) the pipe size may 
have an important bearing on the economics of the installation, 
(c) when large, low-head installations are in question, the pipes 
and pipe-bends are so bulky in relation to the size of tlie pump 
that the run of the pijje-work may dictate tJie type of pump 
to be chosen. 

(i) Pipe Size, Aspect (fc), above, comes into prominence 
when pipe friction constitutes a large proportion of the total 
effective head on the pump. For a stipulated discharge, a 
generous pijie diameter will mean a low pipe velocity, a low 
friction loss, a relatively low total head, and therefore minimum 
pumping costs. But on the other hand the capital charges 
debited against the pipe \^’•ill be considerable. An inexpensive 
pipe of restricted diameter would raise pumping costs unduly ; 
thus the optimum pipe diameter that ensures minimum overall 
cost can only be found after a series of computations involving 
a good deal of trial and error. 

(ii) Svctiofi Piping, The suction pipe is often made of larger 
diameter than the delivery i)ipe so as to keep down inlet losses 
and thus to increase the permissible suction lift, § 253. For 
the same reason, the suction pipe should bo as short and straight 
as possible ; it should rise continuously all the way to the pump, 
so as to give no lodgment to bubbles or pockets of air. If this 
is found to be impracticable, then residual air must be allowed 
to collect in an air vessel from which it is periodically evacuated, 
Fig. 199. The intake to the suction pi])e (if unprotected by a 
foot-valve) should be rounded or bell-mouthed. 

Because the suction pipe has nominally to withstand only 
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a few feet of suction head, it does not thereby follow that it 
can be of lighter construction than the delivery pipe. If a 
foot-valve is fitted, as in Fig. 188, the positive pressure in the 
suction pipe near the foot-valve may be greater than anywhere 
else in the system. Immediately after the valve has closed, this 
cumulative pressure may momentarily include the full static 
pressure-head, augmented by the surge pressure. Figs. 188 or 
190, and by the slam-pressure, Fig. 192. 

288. Piping Systems (continued), (\) Junction-pieces, mani- 
folds, etc. It will only be by chance that the most favourable 
diameter of piping will exactly match the diameter of the pump 
branches. In designing the conical or diverging junction- 
piece that couples the pump to the delivery pipe, it is well to 
remember that this component can itself be regarded as an 
extension of the conical recuperator, Fig. 28 (6), § 45 (b). It 
therefore gives the possibility of quite an appreciable regain of 
pressure-liead. As for the corresponding taper reduction-piece 
on the suction side of the pump, it may have to be of asym- 
metrical form so as to give no opportunity for accumulations 
of air. 

When a number of pumps work in parallel, careful shaping 
of the inlet and outlet manifolds will help to minimise energy 
losses due to eddying and turbulence, Figs 209, 210. 

(ii) Supporting the Pipes, The suction and delivery pipes 
should preferably be so supported that they cannot transmit 
to the pump fianges excessive thrusts. Thus, in a faultily- 
disposed pipe system carrying hot liquids, thermal expansion 
and contraction of the pipes might actually distort the pump 
casing and throw tJie whole set out of alignment. Overhung 
arrangements, e g. the pumps in Figs. 118 (i) and 39 (i), should 
be specially watched. In buildings where the piping cannot be 
allowed to tiansmit any perceptible sound or vibration outside 
the pump chamber itself, sj)ecial sleeves of reinforced rubber or 
similar sound-absorbing material may be interposed between 
the pump branches and the pipes. 

(iii) Auxiliary Piping. To permit the pumping set to keep 
a neat and tidy appearance, small-bore pipes will be needed to 
drain away leakage liquid from glands, vent-cocks, etc. There 
will be a continuous leakage flow to be disposed of, if a multi- 
stage pump has a hydraulic balancing device, § 124 ; while 
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if there are in addition water-cooled bearings and the like, 
the auxiliary piping system will grow fairly complex. Quite 
apart from this array, one might find water pipes for water- 
sealed glands, lubricating pipes conveying oil or grease to the 
main bearings, and air pipes for the priming system, § 292. 

289. Valves. In a normal pumping installation, there 
may be 

(i) Isolating valves. 

(ii) Regulating valves. 

(iii) Reflux or non-return valves. 

(iv) Small auxiliary valves or cocks. 

Standard sluice-valves or full-way valves usually serve as 
isolating valves, although for large low-head installations 
butterfly-valves may be preferable. Special requirements can 
be mot by plug-valves, § 337. Hydraulic or electric operation 
is essential for important plants. Automatic power-operated 
gate-valves are described in § 330. All such valves are intended 
to be kept fully-shut when the pump is stopped, and fully-open 
when the pump is running normally. They should preferably 
be interposed both on the suction and the delivery side of the 
pump, so that they can isolate the pump from the rest of the 
system and permit the unit to be opened for inspection or repair. 

Regulating-valves control the discharge of the pump by 
throttling, § 240, and therefore they inevitably waste energy. 
In principle, then, only relatively small systems should be so 
regulated. Standard sluice-valves usually serve, set on the 
delivery side of the pump. Needle or streamlined valves may 
be preferable for isolating the pump or for regulating the flow. 
If a pump handling aggressive water is run for a long time 
against a partly-closed sluice-valve, the resulting cavitation in 
the valve itself may ultimately destroy it. 

Auxiliary Values, Cocks, etc. As these usually form part of 
the priming system of the installation, they are enumerated 
under that heading. 

A drain-plug at the lowest poiirt of the pump casing is useful 
when the time comes to open up the pump for inspection. 

290. Reflux or Non-return Valves. These automatic- 
ally prevent return flow of liquid when the pump is stopped ; 
they all embody a gate, flap, or disc which swings open when 
the liquid flows normally through the system, and which shuts 
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immediately tliere is any tendency to backwards motion. To 
some extent all such accessories must be regarded as necessary 
evils. At the best they exact a continuous toll of energy from 
the liquid that traverses them ; at the worst they may set up 
“ slain ’’ pressures high enough to damage the system, § 273. 
The following notes relate to more or less standard types of 
reflux valve : special designs adapted to unusually difficult 
conditions are described in § 333. 


(i) Foot-vaJve. This is the name given to tlu* non-return 
valve when it is flxed at tlie bottom of the suction x)i])e ; it is 



Ki( 4. 194. — T;^j)os of ivflux valv(‘. 


preferred only for comjiaratively small installations. Of the 
two examples illustrated in Fig. 194, type (a) is the commonly- 
used one. Sometimes the door has a leather seating, sometimes 
it shuts metal-to-metal . The complete assembly usually in- 
cludes a strainer, either of cast iron or ]ierforat(Hl ste(4, for 
arresting floating material that might otherwise enter and clog 
the pump. The head loss occasioned by tlie foot-valve and 
strainer may amount to two or four times the equivalent 
velocity head in the suction pipe ; it may bo much greater if 
the strainer becomes choked. 
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The improved type (6) in Fig. 194 has two advantages : 
the waterway is of streamlined form, and the resistance to flow 
can be made still lower by mechanically holding open the valve. 
Unless the holding-up device can be automatically tripped 
before the pump is sto])ped, e.g. as in § 333, there is, of course, 
the danger that the attendant may forget to release the valve 
and so permit return flow. 

(ii) Reflux Valve. Although this is a general term for all 
types of non-return valve, it is more especially used when the 
valve is set on the delivery side of the pump. In this position 
it is better able to j)rotec*.t the ]:)ump and suction system against 
inertia surges in the delivery pipe than a foot-valve could pos- 
sibly do. Diagrams (c) and (d) in Fig. 194 show respectively a 
reflux valve with a normal tyi)G of hinged door, and one with 
a tilting <lisc which has certain advantages. 

(iii) Outlet Flap-door. Used only in low- head installations, 
the outlet flap-door is fitted to the end of the delivery pipe. 
Fig. 194 (e). 

291. Priming Equipment. A pump installed in the cus- 
tomary position al.)ove the suction well has not itself the power 
of initiating flow of liquid so long as the pump remains dry. 
The reason was made clear in § 236 : when the rotor has only 
air to work upon, the differential-pressure generated is negligible 
in relation to the designed working pressure of the pump. No 
matter for how long the pump were to be run, the Tvater would 
never rise more than an inch or two up the suction pipe. It is 
for overcoming this difficulty that priming apparatus is essen- 
tial ; its purpose is to fill the pump casing and the suction 
system with liquid before the shaft is rotated at all. In any 
event the basic problem is to get the air out and to put the 
liquid in. There are two ways of doing this : (i) we can pour 
liquid into the pump casing from above, and allow the displaced 
air to escape, or (ii) we can exhaust the air from the casing, 
which will cause the liquid to rise up the suction pipe and 
eventually fill the casing. 

System (i) is manifestly only admissible when the suction 
pipe has a foot valve, § 290 (i), for otherwise the liquid Wf»uld 
run out of the pipe as fast as it w^as poured in. A funnel with 
cock admits the liquid to the cashig, and an air vent at the 
highest point allows the displaced air to escape. Makers do 
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not remember as often as they might that two separate passages 
are needed ; it is not reasonable to hope that one small opening 
will serve at the same time for incoming water and for outgoing 
air. The correct disposition, which is suited for small installa- 
tions only, is illustrated in Fig. 1 98. 

292. Evacuating Appliances. Medium- and large-sized 
pumps must necessarily be primed by the exhausting system 
(ii) above. The choice of evacuating apparatus usuallj^^ lies 
between ejectors and pumps. If steam, compressed air, or even 


stea m 
or gas 


Suction 

pipe~" 


A in from | 
casing 


To 

atmosphere | 

Fio. 195. — Priming ojoctor and its use. 


Ejector steam 

c £1^=3 an internal-combustion 

engine are available, 
""iwjr] an ejector can bo used 

[ / shown in 

//Tl^ j Mam steam Fig. 195. Diagram 

^au^eK I 1 fy nTTi shows the ejector, 

gauge \^| | / n I ^it)i its isolatillg- 

Suction I casing valve, mounted above 

^ |1 highest point of 

III the pump casing. A 

I ^ I water-gauge tells the 

J|i- attendant when cvacu- 

atlLphere\ atioii is complete. The 

. . . . , . main valve in the pump 

Fio. 19.). — Priming ojoctor and its use. . „ 

delivery system is, of 
course, shut during the whole priming operation. Diagram (ii) 
shows the internal construction of the ejector itself. 

Suitable types of evacuating pump include - 

(i) Reciprocating piston. 

(ii) Rotary sliding-vane. 

(hi) Liquid-ring. 

Reciprocating pumps are virtually standard types of dry 
vacuum pumps, having one, two, or even four cylinders. As 
they only work intermittently, and never have to draw 
against a high vacuum, refinements of construction are un- 
necessary. 

Rotary sliding-vane exhausters are likevdse more or less 
standard products. 

Liquid ring pumps were described in § 153 (6). 

The capacity of the evacuating set should be such that any 

346 



ALLIED MACHINERY § 293 

one main pump can be primed and made ready to run in about 
five or ten minutes. 

The method of drive will depend upon the motive system 
used for the main pumps. If electrical energy is available, the 
auxiliary pumps will certainly be driven by small electric 
motors, either direct-coupled or through belt or similar trans- 
mission. 

Reciprocating pumps must be shielded against the risk of 
flooding. If, after tlie main pump casing is evacuated, it is 
still in free communication with the exhausting pump, water will 
certainly enter the cylinders and smash the pump — for we are 
assuming that it is still running. The customary safeguard is a 
float-valve interposed in the air line ; when water rises into it, 
a ball-valve floats upwards and shuts off access to the vacuum 
pump. Greater security is given by the loop in the primary 
pipe seen in Fig. 199. Sliding-\anc pumps may require similar 
protection, but small units can sometimes admit water without 
damage. Liquid-ring pumps, of course, can work with water 
as easiljT^ as with air, § 153 (6). 

There is a great diversity of ways of connecting the ex- 
hausting pump to the main pump, in addition to the indepen- 
dent electric drive mentioned above. Close-eoupled systems 
come under the heading of self-priming pumps, § 156 ; other 
systems are mentioned in §§ 339, 340. 

293. Other Auxiliary Appliances, (i) Drainage Pumps, 
In large, low' head installations, auxiliary pumps are desirable 
for drying out the inlet and outlet conduits, etc., when a 
main pump is laid out of service, so that the ])assages may be 
cleaned out and the pump examined, overhauled or repaired. 
Vertical motor-driven units, drawling from a sump at the 
lowest point of the system, are ofterx very convenient for this 
duty. 

(i) Cooling Puinps. Main pumps having w'’ater-cooled 
bearings, stuffing-boxes, bedjilates, etc., §§ 139, 143 may require 
auxiliary pumps for handling the coolant. A gear-w'heel pump 
or similar positive rotary unit would probably be suitable. The 
coolant need not be run to waste, but could continuously be 
circulated through a heat-exchanger. 

(iii) Lubricating pumps are sometimes needed. They may 
force oil to the external bearings of centrifugal pumps or grease 

347 



§ 294 ROTODYNAMIC PUMPS 

to the internal main bearings of half-axial or axial type pumping 
units. 

(iv) An auxiliary generating set will bo necessary if important 
main i)umps are driven by oil engines or by steam turbines ; 
electric power must be provided for lighting and for the engine 
and pump auxiliaries. 

(v) If dirty water flows through tlie main ])umps, filters 
may be required for furnisliing clear water to the water-seaJed 
gland, § SO, or to the sealing lings, § 151. 

294. Indicating and Recording Instruments. The in- 
struments lequired to show the punqi’s behaviour on the test- 
bed were enumerak'd in §§ 166 to 170. Wliieh of these should 
be chosen for checking tJie pump’s performance after it has 
been installed The clioice must be guided by one important 
limitation : whereas the observations in tlie works could be 
interpreted by an experienced testing staff, tlio indications on 
the site must be made immistakably clear to an unskilled 
attendant — or they must indeed be automatically recorded. 
Keeping this and other fairly obvious points in mind, we can 
now run down the list of apparatus already compiled, Chapter 
XII, and prepaie a new list suited to installed conditions. 

Speed Belt-driv('n oi direct -coupled tachometer mounted 
on the pump, or electrical tachometer with panel-mounted dial. 

Head or Pressure. For low heads, opeui water-columns with 
floats actuating pointers, or with floats electrically connected 
to remote-reading dials. 

For borehole pumps, “ bubble ” tyjie pneumatic gauges, or 
special electrical depth -recorders. 

For general use, standard tyqx's of Bourdon, diaphragm, or 
bellows dial gauges, graduated in units of head, pressure, 
vacuum, etc. 

Discharge. The V(uituri meter is nearly always pieferred 
for important installations, but the “ Hciical ” type of infer- 
ential meter is often worth considering. Devices specially 
suited to rotodynamic pumps that require no additional ap- 
paratus interposed in the pipe-line itself, are : (i) the pipt^-bend 
meter, and (ii) the Annis suction-] )ipe meter, § 179. 

Power Input. As a rule it is only possible to gauge the input 
to tlie pump by interpreting the motor instrument readings of 
electrically-driven sets. 
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Types of instrument not mentioned in Chapter XII in- 
clude : — 

Water-gauge (standard type) mounted on upper part of pump 
casing. This very useful accessory shows when all the air has 
been exhausted during the priming operation, § 292. 

Thermometers are sometimes desirable when cooling systems 
for bearings, etc., are involved. 

Oate-opening indicators in large and complicated installations 
show at a central control station the setting (open or closed) of 
each sluice-valve or sluice-gate. 

295. Some Typical Groupings. Although the indicat- 
ing apparatus on tiu^ site is primarily intended to show what 
the pump is doing at any given moment, yet we may be 
equally interested in o})scrvmg how the performance changes 
in course of time. If, because the necessary instruments are 
lacking, the pump is allowed to fall into bad condition, the 
resultant continuous waste of energy may represent a much 
greater sum than was saved on the instruments. Moreover, 
minimum operating costs can only bo attained by trying to 
keep the pump ])erformance more or less delicately poised 
upon a ridge of Jiiaxiinuin efficiency ”, § 222 ; and this in 
turn is only possible if the operating staff are thoroughly 
informed about each aspect of the pump’s behaviour. It 
follows that since it is in the high power installations that 
the biggest opportunities of economy occur, it is there that 
the most complete instrumentation can be expected. 

As soo]\ as the cost of the pumping-set is such as to justify 
any instruments wliatever, the first accessory to think about is 
a pressure-gauge. If this is intelligently watched, it not only 
shows what pressure tlie pump is generating but it may give 
quite a useful impression of the rate of flow. At any rate it 
ought to tell the attendant whether the pump is delivering any- 
thing at all. He may be very glad to know this, because small 
pumps especially may ‘‘ lose their water ” (as a result of air 
leaks or drop of suction level) without any manifest sign. 
Next in importance comes an ammeter^ if the set is electrically 
driven ; for the ammeter reading and the pressure-gauge 
reading taken in conjunction may permit the discharge to be 
still more closely estimated. Still larger pumping sets might 
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each have, in addition, a flow-meter for the group, and tacho- 
meters for the individual variable-speed pumps. 

Developments in the electrical transmission of signals have 
made possible the grouping of indicating apparatus at a central 
point, conveniently within sight of the attendant who has under 
his hands the control elements of the electrically driven pumps 
themselves, § 280. A single panel may have dials showing re- 
spectively speed ; pressure, head or level ; and rate of flow ; 
and associated with the more important indicators there will be 
automatic recorders which provide a permanent record on a 
daily or weekly chart. In a pumping station of major im- 
portance there may be a range of such panels (*) which provide 
additional information such as the setting of the main valves, 
§ 289. 

296. Buildings, Pump-rooms, etc. Waterwwks engineer- 
ing has established for itself a tradition of housing its mechanical 
equipment in substantial buildings that possess —or are believed 
by their proprietors to possess — some degree of architectural 
merit. One cannot bo sure that this praiseworthy tendency is 
being maintained in respect of other kinds of pump-house, 
e.g. those containing drainage or irrigation pumps. Neither 
the main pumping units themselves nor thc'ir accessories are in 
STich installations of a shape that need inevitably impose un- 
gainly peculiarities on the protective building ; there is no 
functional reason why the building should not be seemly and 
spacious. So it is to be hoped that the engineers and architects 
concerned will not be deterred from erecting buildings that 
worthily express the intimate relation between the installation 
and the countryside it is designed to seiwe. 

Only a few technical points can be mentioned liere. 

(i) In large, low-head stations the inlet and outlet conduits 
are so big that they must be formed beneath the pump-house 
floor. In extreme instances the pumps themselves are so 
situated. Such dispositions naturally have a direct bearing on 
the lay-out of the foundations for the building. 

The intake conduits must often be protected by screens or 
grids to exclude floating material tliat might otherwise choke 
the pump rotors. Fower-oi)erated self-cleaning screens of the 
travelling-band ty]3e may sometimes bo recommended. 

(ii) The capacity of the travelling-crane, and the head-room 
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below it, may require special study when the building houses 
borehole pumps. In erecting and dismantling such pumps, 
the total load to be carried by the crane may be relatively high, 
and it must be lifted through a substantial distance. An 
electric crane capable of rapid and accurately controlled move- 
ments will certainly be desirable, § 313. 

(iii) Pumps handling volatile and inflammable liquids should 
be set in chambers isolated from the rest of the equipment by 
flame-proof partitions ; power is transmitted to each of the 
pumps by a horizontal driving-shaft passing through a packed 
gland in the partition wall, § 284. 

(iv) When large pumping units working in tropical climates 
are installed in chambers below ground-level, natural ventila- 
tion may be inadequate. To maintain tolerable temperatures, 
large-capacity fans should continuously draw in fresh air, and 
distribute it through a properly-contrived trunking system. 
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297. A Final Survey. The basic items of information 
required wlien choosing or designing the pump itself were 
summarised in § 63. Various supplementary types of pre- 
requisite data were mentioned in § 65. In the light of tljo 
study of pumjj performance that has been carried through 
Part C of this book, th(‘. list of (jontrolling factors (^) may uow 
demand amplification or completion in some such marnier as 
this : — 

(i) What is the range of discharge ? The maximum and 
minimum, as well as the mean value, should be stated. 

(ii) The range of head should likewise be given, viz., 
minimum, mean, and maximum values. 

(iii) The suction conditions must be precisely defined : 
ruling and maximum values of suction lift, etc. 

(iv) What type of service will the pum])ing-plant be re- 
quired to gi^'e ? Will the pump work (a) i*ontinuously 
at or near its design point, (b) continuously, but at 
varying rates of discharge, or (c) intermittently, with 
prolonged periods of idleness ? 

(v) With what kind of piping system will the pump be 
linked ? 

(vi) Must a single pump take all the load, or can the duty 
be shared between a group of pumps ? 

(vii) What type of motive-unit will drive the pump ? 

(viii) Where will the pump be situated ? In a town or city, 
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or in a remote country area ? What will be its al- 
titude above sea-level ? 

(ix) Will skilled attendants be available to look after the 
pumping-plant and to carry out repairs ? Or must 
these duties be left to local unskilled labour ? 

298. Overall Cost of Pumping. A variety of pos- 
sible schemes can often be framed to meet the comprehensive 
conditions just enumerated (^), If there is no other over-riding 
consideration, the scheme ultimately adopted should naturally 
be the one that ensures the lowest attainable annual overall cost 
of pumping. This total annual expenditure can be analysed 
very crudely into two main items, (i) capital charges, (ii) pump- 
ing charges. Item (i) will be directly related to the first cost of 
the installation ; item (ii) to the fuel consumption or power 
consumption. 

The cost of the pump is generally subject to the following 
trends : considering only machines of constant shape number 
and constant speed, the pump cost £c depends roughly upon the 
square of the rotor diameter D, viz., £<. Now the head 

generated by such pumps varies as the square of the diameter, 
and the discharge as the cube of the diameter ; thus the power 
input depends upon If T represents the number of hours 
per year during which the pump runs, then the annual cost of 
energy can be written : — 

£^ - KJTD^, 

Adding together the two terms indicative of items (i) and (ii) 
above, we find that : — 

^ Annual overall cost ~ KcD^ -\- Kj,TD^ . (19-1) 

The significance of this expression is clear. Whatever the 
numerical value of the constants Kc and Kj, may happen to be 
for a particular class of pump, it remains true that the ratio 
energy cost . . „ i 

increases rapidK^ as the pumi) becomes bigger. 

This suggests that for small plants we should concentrate on 
keeping down the first cost of the pump ; a relatively simple and 
inexpensive machine will give the most satisfactory service. 
In large and important installations, on the other hand, in 
which the pumps are kept constantly at work, it is inevitable 
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that the power costs will be heavy. A liigh and a consistently- 
maintained pump efficiency must therefore be sought by all 
reasonable means. A refinement of construction that buys a 
gain in efficiency of 1 per cent, may be quite a profitable in- 
vestment. The more rigorously the pump performance is con- 
trolled by recording instruments, § 295, the more quickly can 
deterioration be detected and arrested, § 259. 

In comparing alternative projects for such installations as 
these, we should not forget that the cost of the pump may not 
by any means be the major item in the total cost of the plant. 
A final decision will only be possible when the two main 
groups of expenditure incurred in the whole installation — capital 
costs and running costs — have been broken down into individual 
items and each item separately estimated. 

299. Choice of Motive Unit. Because of the overmaster- 
ing need for minimum power costs in important plants, detailed 
consideration is essential before the most suitable type of motive 
unit can be fixed upon (^). Here are comparative comments 
additional to those offered in §§ 276 to 283 : — 

Electric Motors, In bargaining with the electric supply 
undertaking for a bulk supply of energy, the location of the 
pumping station will be a matter of some importance, § 297 
(viii). If it entails the running of a special new power line over 
a distance of several miles, the power cost will manifestly go up. 
But the additional cost may be justified if the station can 
thereby be run unattended, operated wholly by remote control. 
On the other hand, the power company could hardly offer at- 
tractive terms if a low load factor were contemplated, i.e. if 
the pumps were only wanted for a few weeks annually. Con- 
cessions on the part of the pump user that might be worth his 
while include : (a) to run the pumps as far as possible only 
during off-peak hours, (6) to use synchronous instead of asyn- 
chronous A.C. motors. 

A particular problem of electric drive occurs when a range 
of pumping plants is scattered over a wide extent of country 
remote from existing power supplies, § 322. If all the pumps 
are controlled by a single authority, then it may be profitable 
to build one or more central generating plants, thermal or hydro- 
electric, and to transmit energy to the individual electric pump- 
ing stations by power lines laid out for that specific purpose. 
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Irrigation or laud-drainage problems can sometimes be success- 
fully solved in this way. 

Oil Engines, In populated areas where there may be direct 
competition between oil and electricity, the decision may often 
depend upon a sagacious forecast of future trends in fuel prices. 
An installation of oil -engine-driven pumps is immune from 
those risks of total failure of energy that cannot be eliminated 
in plants fed from public supply electricity undertakings. But 
its maintenance charges will inevitably be higher than in the 
equivalent motor-driven station. Oil engines have no rival 
when small portable plants are concerned, or when isolated 
pumps of medium power have to be driven (*). 

Steam Turbines. If raw coal is to be tlie source of energy, 
and if the pump outj)ut is considerable, there is no alternative 
to a steam-raising plant supjdying steam-turbine-driven pumps. 
Sucli installations may enjoy one advantage over a comparable 
electric generating plant. They requite no circulating pump 
or special circulating-water system. Pro\ided the head is not 
excessive, the water from the main pumps can be diverted 
through the conchmsers. 

300, Comparative Schemes. After the type of motive 
unit has finally been established, there still remain competing 
dispositions of plant to be reviewed. A few examples are : — 

(i) Horizontal or Vertical Shaft, The compactness of the 
vertical disposition, § 72, is reflected also in the building that 
accommodates the pumping sets. A relatively narrow pump- 
house in turn implies a lower price for the travelling crane, 
§ 296. If a side-inlet centrifugal pump of medium specific speed 
is chosen, then not only will the highest possible pump efficiency 
be attainable, but the whole piping lay-out wdll be direct and 
simple, §§ 311, 336. 

(ii) Single-stage or Multi-stage Pump, For a medium-power 
installation generating a medium head, using a specified type 
of oil engine, alternative possibilities are : (a) Engine direct- 
coupled to a multi-stage pump, (6) Engine driving a single- 
stage pump through step-up (speed-increasing) gear-box, § 285. 

(iii) Direct Coupling or Hydraulic Coupling. Because of its 
inexpensive construction, let us suppose that a constant-speed 
electric motor has been chosen. Variations in the pump head 
or discharge can be obtained by (a) throttling, §§ 240, 241, or 
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by (6) interposing a variable-slip hydraulic coupling between 
the motor and the pump, § 284. Will the cost of the coupling 
be worth the energy it saves ? (Example 36) 

(iv) Variable-speed A.C. Motor or Two-speed Oear-box. The 
range of water-levels or of head is here assumed to be so great 
that some means of regulating the pump speed is deemed to be 
unavoidable, § 242. Although a variable-speed or a two-speed 
A.C. motor might be direct-coupled to the pump, § 278, there 
remains another alternative : if in any event a gear-box between 
motor and pump is essentia.1, it could be arranged to give either 
of two reduction ratios, thus enabling a constant-speed motor 
to offer the pump a choice of two speeds. 

(v) Variable-pitch Propeller Pump or Multiple Pumps, The 

comparisons in § 244 took no account of capital cost or of opera- 
ting convenience. Reviewing again the available possibilities 
if constant-speed pumps have to force a variable discharge 
against a constant head, we find : {a) For the given duty, an 
installation comprising a single large pump will always be less 
expensive and slightly more efficient than an installation of mul- 
tiple smaller pumps of identical design, §§ 227, 298. (6) But will 
that advantage be maintained if the large pump is burdened by 
the additional gear required to vary the blade pitch while the 
pump is running, § 104 ? (c) In any event the station must 

contain one or more stand-by units, and if all the units are to be 
alike the principle of a single big pump then l)ecomes much less 
attractive. It would involve an installed capacity double the 
normal capacity. 

For other competitive proposals, see §§ 318-321. 

301. Manufacturing Considerations. If in the end the 
pump selected is below a certain size, the question of cost may 
still control its actual shape and form ; the tendencies exposed 
in § • 298 will probably show that a specially- built machine 
would be needlessly expensive, and that the nearest stock 
machine the maker can offer must be accepted. The degree 
of adaptability provided by the manufacturer’s range of pat- 
terns, § 65 (iii), can be attained in various ways. Standard 
frames and pump casings can be disposed to suit the client’s 
system of pipe-work by the arrangements explained in §§ 70, 
72. A particular complete pump can be offered for quite a 
considerable range of head and discharge, so long as the basic 
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relationships of § 218 are enforced. To enable a given pump 
casing to serve for different duties, it may be fitted with one or 
other of a series of impellers, having either (a) different widths, 
or (6) different diameters, or (c) different blade angles. The 
range of variation would be just such as would not unduly 
affect the gross pump efficiency. 

It will not matter to the client if the machine offered him 
does not work exactly at the design point of its characteristic. 
The resulting slight decline in the efficiency of a small pump 
could be tolerated for the reasons given in § 298. 

302. Selection Charts. Modified types of characteristic 
curve assist the maker in the routine work of choosing a suitable 



pump for his customer. Suppose the problem is to establish 
the range of duties for which a given standard pump, unaltered 
in any detail, will serve. If speed i^ariation is allowable, the 
normal set of lu^ad-discharge curves might first be plotted, as 
in Fig. 196 (i), together with a typical discharge-efficiency curve, 
§ 221. This would permit the evaluation of the minimum and 
maximum percentage flows that would maintain the efficiency 
within (say) 2 per cent, of the maximum efficiency at the design 
point. Drawing from the two limiting points the two ])arabolic 
iso-efficiency curves sliown in diagram (i) we tlius delimit the 
effective area of the cliart distinguished by hatching. If de- 
sired, additional lines of equal power input can be plotted from 
basic curves such as Fig. 149. On learning from the client wliat 
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head and discharge he wants, the manufacturer can at once 
note from the chart whether the corresponding point falls within 
the effective field of the particular model represented ; if it does 
then the necessary speed and power input can immediately be 
read off. 

Logarithmic division of the co-ordinate axes makes such 
charts still more convenient, for now all tlie ])arabolas are 
represented by straight lines having a uniform inclination, 
Fig. 196 (ii). 

By far tlie majority of the smaller-sized pumps now in 
question will be driven by constant-speed A.C. motors. How, 
then, can such a field as Fig. 196 (i) disjJays be covered if speed 
variation is inadrnissibk^ ? Instead of expecting a single 
standard model to do tlie work, the maker must now provide 
a range of models, and in each of the models provision must 
be made for slight variations of impeller diameter. I^et the 
original pump linked with Fig. 196 (i) be termed model A. 
Then its range of duti(‘s at standard speeds of (say) 2900 and 
1450 r.p.m. would be represented by the appropriate lines in 
Fig. 196 (iii). Each line could be broadened into a belt by 
turning down the pump imjieller as described in § 181 ; this 
reduction in diameter, if not carried too far, has virtually the 
same effect as lowering the shaft speed. The process must »stop 
when the pump efficiency begins to be perceptibly affected. 
The limits are shown on the diagram, whi(;h now has two small 
fields allocated to pump A, in place of the original large one. 
A new model of pum]), denominated B, must cover the areas B 
of Fig. 196 (iii), while still a third, C\ and ])ossibly a fourth, 
will be needed for tlie remaining areas. 

303. Composite Selection Charts. The process depicted 
in Fig. 196 has been described in general terms only ; but it 
should now be easy to see how tlie manufacturer’s range of 
types can be still further extended. In Fig. 197 there are shown 
the fields of the pum])s A, B, C and D, together with particulars 
of pum])s for bigger discharges, E, F, etc. At the otJier side 
of the chart the performance of multi-stage pumps is plotted ; 
for a given small discharge, variations in head can here be 
realised by varying the number of stages. As for the general 
character of the pumps, it will be understood that in moving 
across the chart from left to right we encounter pumps of higher 
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and higher specific speed. In this context the term specific 
speed is advisedly preferred to the term shape number. 
The latter expression, being descriptive of the shape of the rotor, 
should be independent of random variations of head or dis- 
charge, whereas the whole point of the selection charts is to 
show how a given rotor can be capable of operating over quite 
an appreciable range of specific speeds, § 202. 

It is instructive to study the kind of modification which 
permits the four types of pump. A, B, C, and D to cover the field 
allotted to them in Fig. 196 (iii). The four rotors will have 
neither the same sliape number nor the same specific speed. On 
the contrary, as the heiul goes down the shape number will pro- 
gressively rise. In order to generate the same form of char- 
acteristic, with the shaft 
turning at an unvarying 
speed (in this instance 2900 
r.p.m.), it is probable that 
the blade angle will likewise 
remain unchanged, the diam- 
eter will diminish, and the 
width ratio will increase. 

For showing the capabil- 
ities of the entire range of 
standard pumps that a maker 
must nowadays be expected 
to provide — if necessary at 
a few hours notice — highly Discharge : g.p m. 

elaborate versions of the I'lc. 1 97. -('omposito aoloct ion chart, 
selection chart plotted in Fig. 197 maybe necessary. Probably 
it will be expedient to prepare a number of charts, each one 
relating to a particular speed. 

Some Typical Installations 

304. Classifications. Up to this point. Part U of this 
book has steadily ex})osed the multi])! ieity and the variety of 
the allied and auxiliary units that may be embodied in the 
pumping plant. TJie whole of Part B of the book showed 
equally clearly tJiat numerous ty|)es of pumps were available. 
Evidently, then, the total number of possible combinations of 
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equipment must be very great indeed. In selecting a few 
representative ones for illustration in this chapter, all that 
can be attempted is to consider only those that are really en- 
titled to the name “ pumping installation The pump is the 
central feature of the plant ; and the motive unit, the building 
and the auxiliary appliances are specifically arranged accord- 
ingly. Such plants are those intended for water-supply under- 
takings, land-drainage, irrigation, dock-pumping, and the like. 

(Examples 37, 39) 
In the next cliapter (Chapter XX), some particular arrange- 
ments of components to meet various particular conditions are 
discussed, and specific examples are illustrated. 



Fig. 198. -Elomojits of small puinjnng installation. 

305. A Simple Layout. The elementary system shown 
scliematically in Fig. 198 illustrates in a preliminary manner 
some of the points raised in Chapter XVIIl. The 'pump might 
be any one of the units depicted in Figs. 38 or 39. In accord- 
ance witli the rules of § 287, tlie suction pipe is short and rises 
continuously upwards ; a pipe having loops as shown by broken 
lines would only be admissible if the pump had self-priming 
characteristics, § 156, and would not be recommended even then. 
A combined foot-valve and strainer^ § 290, keeps floating material 
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out of the system and prevents return flow when the pump is 
stopped. There is a priming funnel for admitting water to 
the casing, and an air vent for letting air out, § 291. The 
sluice-valve on the delivery side of the pump can be used 
either as an isolating valve or as a means of regulating the 
discharge, § 289. 

306. Low-lift Plant. A good deal more consideration 
must be given to such a problem as is posed diagrammatically 
in Fig. 199 ; evidentlj?' some of the factors reviewed in § 297 



are now o])erative. From a river whose surface level varies 
seasonally through a considerable range, water is to be drawn 
and it is then lifUni into a canal which may be subject to minor 
variations in level. In this instance a horizontal centrifugal 
pump of medium specific speed has been chosen, and because 
of its fairly considerable size, the pump has twin inlet branches 
as in Fig. 39 (iv). Water rises directly into these branches 
through twin suction pipes which have bell-mouthed inlets un- 
obstructed by foot-valve or strainer. Tvin air vessels collect 
the small amounts of air that are continually released from solu- 
tion as the pressure on the water is reduced ; the air is periodi- 
cally drawn off by the evacuating pump, § 287. Accidental 
flooding of this auxiliary pump is prevented by the long vertical 
loop in the pipe circuit ; this expedient is even more effective 
than the float-valve mentioned in § 292. On the delivery side 
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of tlie main pump there is a diverging diffuser that ensures 
the maximum re-conversion of velocity energy, § 288. 

In the general lay-out of the plant the controlling factor may 
often be the height above datum of the lowest water level in 
the river ; for tins figure, together with the value of the maxi- 
mum permissible suction lift, § 253, establishes the vertical 
location of the pump axis. The diagram shows that in the 
present instance the pump must be set not only below ground 
level but below maximum river level. Two difficulties may thus 
be foreseen : during tlie construction of the plant there may be 
troublesome excavation in bad ground near the river bank. 



Fia 200 — Centrifugal pump fox land cliainage Rchoine 

and during operation an exceptionally high flood or some other 
mischance may drown the machinery in the pump chamber. 
If these risks are deemed to carry weight, it would be expedient 
to keep the pump chamber as small as possible, and to mount 
the motive unit up above, well out of reach of flood water. 
A heavy flat belt might transmit the drive from the motive 
unit — Diesel engine or electric motor — ^to tlie pump shaft. If, 
on the other hand, the risk of flooding was accepted and specially 
guarded against, then direct-coupled pumping sets would be 
preferable. 

307. Land-drainage Plants. When the range of water 
level is relatively restricted, and the total lift does not exceed 
10 or 15 ft., a simpler disposition is possible. Open conduits 
may bring the water up to the pump house, and carry it away 
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on the delivery side. Such an installation, still embodying 
centrifugal pumps, is illustrated in Fig. 200. If, as often 
happens, the water is discharged into a tidal stream, the major 
fluctuations in surface level now will naturally be on the outlet 
side. 

Because the pump is here set above the highest level on the 
delivery side, it is said to work in a siphonic circuit. The 
corresponding advantages are explained in § 310. One small 
complication results. The pump is itself unable to feed 
sealing-water to the glands, § 85, and therefore a separate 
supply of pressure water must be contrived. 



Fio. 201. — CViitrifugal pumps for land -drainage, eacli delivering 800 tons per 
minute against 12 ft. bead. 


The plan view reproduced in Fig. 201 shows a fine example 
of a large drainage plant ; it makes clear how the civil engineer- 
ing aspects of such a project may determine the choice of the 
mechanical equipment (^). This installation is interposed in a 
natural drainage channel that ordinarily carries a free or 
gravitational flow of water : the pumps, that is to say, are 
lying idle. They are only started up when the inlet water level 
rises above a certain limit, either because of heavy rainfall over 
the regions draining into the channel, or because of high tides 
affecting the outlet level. When this occurs the sluice-gates in 
the free-flow cliannel are closed, and the entire discharge is 
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diverted through the pumps. These quickly take command of 
the situation, drawing down the water on the suction side and 
heading it up on the delivery side, thus increasing the water 
slope in the channel sufficiently to pass the heavy flow. ' 
Three main pumping units are accommodated in twin pump- 
houses, of which one lies on either side of the sluice-ways. 
Fig. 201. Space is also available for a fourth set. Like the 
pumps previously described, these machines are of the horizontal 
double-inlet centrifugal class ; the system of inlet and outlet 
conduits resembles that indicated in Fig. 199, except tjiat now 
these large passages are formed beneath the pump-house floor. 
The motive units chosen have particular merits for their duty 
here ; the weight of the horizontally-opposed 8-cylinder oil 



Fig. 202 — Half axial pump driven by oil engine. 


engines is well distributed, a most desirable qualification when 
the entire buildings and their contents have to rest on unreliable 
ground. Although the engines are nominally slow-speed 
machines, it is nevertheless necessary to take the drive to the 
pump-shafts through step-down (speed-reducing) gear-boxes. 

308. Screw-type Pumping-plant. Horizontal double- 
inlet centrifugal pumps, as embodied in the installations shown 
in Figs. 199, 200, and 201, are very reliable machines and they 
have earned the confidence of generations of engineers. Yet 
there are many occasions when the superior claims of screw- 
type pumps must be admitted. For handling large volumes of 
water the most adaptable machine in this category is the half- 
axial, Fig. 66, § 102. In Fig. 202 such a pump is seen direct- 
coupled to a two-cylindeT' horizontal oil engine, in such a manner 
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as to give a particularly easy run to the water (*). The condi- 
tions of service are identical with those described in § 307. The 
pump-house is built across a natural stream, which normally 
flows by gravity through culverts passing beneath the building ; 
one of them is clearly shown in the diagram. When the inlet 
water level rises unduly, the culverts are closed by lowering 
the sluice-gates, and the pumps thereupon take charge. The 
inlet and outlet pump conduits communicate directly with the 
culverts. 

Since the outlet water level may rise above the level of the 
pump, an isolating de- 
vice on the delivery side 
is essential. In this par- 
ticular installation each 
pump has a power- 
operated sluice-valve ; 
its size in relation to the 
pump diamt'ter is signifi- 
cant, suggesting that we 
would gladly dispense 
with so costly and cum- 
bersome an item if it 
were anyhow possible. 

309. Propeller-type 
Installations. For a 
given duty, the pure 
axial-flow pump is 
always more compact 
tlian any other, and it 
luns at a higher s])eed. 

Its characteristic performance is peculiarly favourable in the 
conditions that may now apply, \iz., varying head and con- 
stant speed. If the information presented m Fig. 141, § 213, 
is rearranged in another way, we get the graphs of Fig. 203 ; 
efficiency at constant speed is plotted against head. From 
these curves it is evident that : (i) for a stated range of 
relative water levels, the minimum efficiency of tlie centri- 
fugal pump is far lower than the corresponding efficiency of 
the axial-flow pump, or (ii) for a stipulated permissible drop in 
efficiency, the axial-flow pump can submit to a mucli wider 
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variation of head than the centrifugal pump can. It is the 
second type of comparison that is shown graphically in Fig. 
203. The condition here, that the pump efficiently must 
not be allowed to fall below 80 per cent, of the maximum 
efficiency at the design point, imposes the following limits ; — 
For the propeller pumj), the variation in head is 105 per 
cent, of the normal head ; for the centrifugal pump, the 
equivalent figure is only 65 per cent. 

Nor is the upper part of the graph without significance. 
Although normally we should not like to penalise the axial-flow 
pump by running it in a zone of abnormal lift and reduced 
efficiency, yet there may be occasions when it would be ex- 
tremely convenient to do so. Provided the motive unit will 
stand the temporary overload to wliicji the shape of the pump 
power characteristic will inevitably subject it, § 213, it will be 
reassuring to know that the installation can meet these emer- 
gencies. The centrifugal pump certainly could not do so ; as 
its giaph in Fig. 203 indicates, the pump would be put out of 
action by a comparatively small increase in head. 

(Example 38) 

310. Disposition of Axial-flow Pumps. The simplest 
arrangement of propeller pump was shown schematically in 
Fig. 32, § 48 ; hardly any kind of pumping plant could conduct 
tlie water more directly from the lower to the upper level. 
When the diagram has been develoi)ed into a working drawing, 
it will be found that the layout still remains highly favourable 
for very low lifts. Both this disposition, and the one shown in 
Fig. 68, § 103, are manifestly suitable for direct-coupling between 
pump and vertical -spindle electric motor. 

Other arrangements are illustrated in Fig. 204. The notable 
feature of the small motor-driven horizontal pump, (1), is that 
it is set in a si phonic circvit. Three important advantages 
result : (a) the bulky and costly delivery isolating valve is 
eliminated, § 308 ; (6) there is no reflux valve or its equivalent 
to cause dangerous “ slam ’’ pressures, § 273 ; (c) the pump is 
set above pump-house floor level, easily accessible for inspec- 
tion or repair. In passing through the system, moreover, the 
water has the same easy rim, free from abrupt changes of 
direction, that it has in the half-axial pump. Fig. 202. On the 
other hand, an evacuating pump is indispensable, § 292, and 

866 



THE COMPLETE PUMPING-PLANT §310 

an automatic vacuum-breaker must be provided on the pump 
casing. The purpose of this accessory, § 329, is to admit air 
into the casing when the pump stops and thus to prevent return 
flow of water and reverse rotation of tJie shaft. A siphonic 
disposition on the lines of Fig. 204 (I) is well adapted also to 
axial-flow pumps direct-driven by oil engines. (Example 40) 

In the alternative arrangement shown in Fig. 204 (II), the 
water still has an easy path ; and furthermore, the inclined 
layout permits the pump to be permanently submerged, thereby 
eliminating p r i m - 
ing apparatus and 
routine (^). Reflux 
flap-valves are now 
necessary to prevent 
return flow, and as 
these maj be several 
feet in diameter they 
may “ slam ” very 
violently if the mov- 
ing parts are not 
carefully controlled, 

§ 330. When the 
pumps are as big as 
those dei)icted in 
diagram (11), having 
individual discharges 
up to 10 tons/sec., a 
step-down gear-box 
between electric 
motor and pump is 
obligator}^ That is an important point : although the 
rdatwi speed of ])ropelkT pumps is high, the actual speed in 
revolutions per minute may be quite low. Another point to 
be studied by the designer is . will the inclination of the 
various rotating shafts give rise to speeial problems of bearing 
lubrication i 

If the inclined proiieller pump has adjustable rotor blades, 
as in Fig. 70, § 104, then very close and efficient regulation of 
the discharge is obtainable, § 244, and it may thereby be feasible 
to run the station with fewer units, § 300 (v). 
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Still other dispositions of propeller pumps are shown in 
Figs. 221 and 223. 

311. Vertical-shaft Pumps. Although no rigid classifica- 
tion into horizontal-shaft pumps and vertical-shaft pumps has 
here been attempted, yet when framing provisional projects it is 
often prudent to compare the two types before making a final 
decision, § 300 (i). The vertical-shaft installation shown in 
Fig. 205 is meant for just the same kind of service as the pumps 
in Fig. 199, § 306, viz., varying discharge against low or medium, 
and varying, lift. Here also, as the lower key diagram indicates, 
the pumps are a long way below river water level at times of 
high flood ; but now the driving motors are lifted high above 
danger (*). Another feature common to the two installations 
is the tapering outlet dilfuser pipe. 

The side-inlet type of mixed-flow centrifugal pump chosen 
for the vertical-shaft plant is the one illustrated in Fig. 61, 
§ 99 ; it is the type which above all others gives the promise of 
high efficiency. A long, wide-bore suction pipe, supported on 
a staging carried out into the river, brings water to each jmmp, 
and as in Fig. 199 the outlet pipes of the pumps deliver the 
water to the head of a canal. Step-down gear-boxes are inter- 
posed between the electric motors and the pumps. Constant- 
speed motors would manifestly be unsuitable if the installation 
had to deal with the entire range of water levels indicated in the 
key diagram, Fig. 205, but in fact the pumps are out of action 
during the flood stage of the river. Even for the smaller 
variations of levels actually imposed upon the pumps, two- 
speed motors would be very advantageous, § 278 (ii). 

Very large vertical-shaft pumps are desciibed in § 336. 

312. Other Vertical-shaft Installations. Another solu- 
tion of the low-head pumping problem is illustrated in Fig. 206, 
and as it embodies oil engines it may profitably be compared 
with the scheme described in § 308. Of the medium -speed 
vertical t3^e, the engines drive the pumps through step-down 
bevel gear-boxes. A novel point about the layout is this : 
not only are the inlet and outlet conduits formed within the 
concrete foundations of the pump-house, but the volute casings 
of the pumps are similarly constructed (*). As compared with 
the normal type of pump as used, for example, in the plant 
shown in Fig. 201, there is consequently a substantial saving 
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in weight of iron castings. Moreover, the machine-house floor 
is left relatively free and unobstructed, and the path of the water 
through the system is as direct as is feasible with this class of 
pump — ^the mixed-flow side-inlet centrifugal type. As Fig. 206 
suggests, an installation of this size cannot escape the binden 
of costly sluice-gates. In regard to the gravity-flow passages 



Fig. 206. — Low-lift centrifugal pumping-plant with “ built-in ” volutes. 


shown in Figs. 201 and 202, the corresponding channel for the 
plant now in question passes outside the pump-liouse and is not 
seen in Fig. 206. 

In the vertical-shaft scheme depicted in Fig. 207, the 
driving-shafts between electric motors and pumps are so long 
that intermediate steady-bearings are needed to support them. 
There is a special object in setting the pumps below tlie suction 
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surface level. They are destined for lifting screened sewage 
from a collecting pit into an upper channel, and if the liquid 
flows freely into the pump intakes there is a reduced risk of 
accumulations of 
solid and semi- 
solid material at 
the bottom of the 
suction chamber 
(^). Naturally 
this involves a W 
good deal of ad- ^ 
ditional excavation 
as compared with ^ 
what would be re- 
quired if the jmmps 
were mounted ^ 
above suction 
level, but the ex- 
pense is found to 
be justified. Be- 
sides, the pumps 
now need no piini- 
mg devices 

To ensure that 
the nominally 
‘‘dry’" under- 
ground pump 
chamber remains 
dry, reliable auxil- 
iary pumps are 
essential, § 293 ; 
the one shown in 
Fig. 207 is of the 
single-stage bore- 
h o 1 e type. 

Whether the main 
side-inlet centri- 
fugal pumps 





should be of virtually standard construction, or whether 
they should be modified as described in § 149, is manifestly 
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a matter that will depend upon the character of the 
sewage. 

313. Borehole Pumping-Plant. The limiting example of 
the vertical-shaft installation is provided by the borehole plant, 
in which the transmission shaft between motive unit and pump 
may be several hundred feet long ; this shaft is now carried 
axially inside the rising main or delivery pipe, as explained in 
§ 132. A simple type of borehole scheme was shown in Fig. 89 ; 
more complete information is given in Fig. 208. Here are 
shown two sets of pumps, each set comprising a driving motor, 
a borehole pump at the bottom of the borehole, and a force- 
pump or booster pump at ground-level (^). The borehole 2 >ump 
itself is of the general construction explained in § 1 32, and its 
design is controlled by the rules of § 137. The head it generates 
is sufficient only to feed the water to the force-pump, which 
then takes charge and delivers to the wnter the balance of the 
energy. 

This system of sharing the load, though not obligatory, 
has various advantages ; the less the burden placed upon the 
lower pump, the lighter in every sense can be the equipment 
working below ground. Moreover, as the diameter of the force- 
pump is not restricted in any way, it can be proportioned with 
the chief aim of securing maximum efficiency. If for any 
reason it is inconvenient to mount the two pumps on the same 
shaft and drive them by the same motive unit, it is quite easy 
to use as a force pump a standard horizontal machine disposed 
on the pump-house floor. This disposition may have merits of 
its own. At times of low water in the borehole, both pumj)s 
would be kept running ; at times of high water, the force 
pump could stand idle and the borehole pump could comfort- 
ably do all the work. (Example 41) 

Fig. 208 shows various features usually found in borehole 
pumping-plants. The delivery pipes from the two force-pumps 
unite to form a single rising main which delivers the water to 
its distant destination ; this main has an air-chamber which 
helps to reduce water-hammer when the output of the station 
varies, § 335, and a Venturi meter for flow measurement, § 294. 
The heavy construction of the travelling-crane is very notice- 
able, and is essential because of the dead load to be lifted when 
dismantling a pumping-set. 
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Fig. 208. — Borehole pumping-plant. 
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314, Details of Borehole Installations. Taking over 
the description of details from the point reached in § 137, we 
may note the following points (^) as we accompany the water 
upwards : — 

Strainer. A strainer for keeping out sand is seen in Fig. 208, 
but some authorities prefer to do without one. 

Foot-valve. In tlie use of this item, § 290, there are likewise 
differences of opinion. Submersible borehole sets are prefer- 
ably fitted with a foot-valve, § 136, but in shaft-driven sets 
there is much to be said for using only a reflux-valve at ground- 
level, as in Fig. 208. When such a set stops, the water contained 
in the system below the reflux-valve runs back into tlie well, 
driving the shaft round in the reverse direction, and in this way 
the pump passages and the inlet strainer may be at least par- 
tially cleared of accumulations of sand. If, on the other hand, 
the water is retained in the system by a foot-valve, this addi- 
tional weight must be lifted when the time comes to w'^ithdraw 
the pump from the well. 

315. The Thrust-bearing. As explained in § 132, this 
important component has to sustain the entire weight of all the 
revolving parts that lie below the half-couplings of the motive- 
unit, viz., driving shaft and all its couplings, and rotors of bore- 
hole pump and of force-pump. In addition, it must withstand 
the net hydraulic thrust on the pump rotors, § 123. Frequently 
the axial thrusts of the two pumps both act in the same down- 
ward direction, but it is sometimes i)ossible to reverse the aspect 
of the force-pump impellers so that their thrust tends to 
neutralise that of the borehole pump. The elastic extension of 
the driving shaft under the gross load maybe sufficient to disturb 
quite appreciably the axial alignment of the borehole pump 
impellers in relation to their diffusers, § 75 (c), and the thrust- 
bearing should therefore include provision for vertical ad- 
justment. 

The customary position for the thrust-bearing is just above 
the water collecting-piece, as in Fig. 208 ; between the bearing 
and the motive unit is the main flexible coupling. As the 
bearing will be of the tilting-pad type (Michell or Kingsbury), 
cooling arrangements must be provided for it, which in large 
systems may be fairly elaborate. If the installation is designed 
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for reverse rotation after stoppage of the pump, the thrust- 
bearing should be modified accordingly. 

It will be understood that the disposition just described 
expressly isolates the rotating element of the driving-motor 
from any vertical external forces ; the motor thrust-bearing 
only has to take care of thrusts arising within the motor. In 
small sets, however, a combined arrangement is feasible. The 
motor shaft is hollow : the pump shaft is carried upwards 
through it : the two are locked together by adjusting nuts at 
the upper end, where we find the single heavy-pattern ball- 
bearing which supports the entire downward thrust and trans- 
mits it to the crown of the motor frame. 

316. Disposition and Capacity of Motive-unit. The 
particular conditions of service of borehole pumps, § 242, 
justify the engineer in devoting special study to the choice of 
motive-unit. Wide fluctuations in the well water-level may 
impose varying heads on the pumps, which implies the desira- 
bility of varying pump speeds ; and as the pumps will probably 
run continuously at a fairly high power output, expensive 
systems of speed icgulatioii may be found thoroughly worth 
wliilc (^). According to the size of the installation, any of 
the variable-speed electric motors described in §§ 277, 278 can 
be recommended. Variable-speed oil engines may drive the 
pumps through stop-up bevel gear-boxes, § 285 ; for variable- 
speed vertical shaft stemn turbines, step-down gear-boxes are 
required. 

In specifying the power output of the motive unit for a bore- 
hole pump, there are s})ecial allowances to be made. First of 
all, the effective liead on the pump must be computed so as to 
include the energy loss as the water ascends to the ground 
surface ; tlie frictional loss in the vertical pipe will be aug- 
mented by the eddy loss as the water flows past the spiders that 
support the steady bearings. Secondly, the power to be fed 
into tlie coupling at the top of the driving shaft must include 
the total S.H.P. input required by the pumps, plus a supple- 
ment which represents transmission power losses. These trans- 
mission losses consist of (i) power loss in the steady bearings 
(corresponding to the mechanical power loss in the pump 
itself, § 188), (ii) surface friction loss as a result of contact 
between the revolving shaft and the water in the vertical pipe 
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(corresponding to the disc friction power loss in the pump, 
§ 189). 

A tentative estimate of this complex total may be arrived 
at thus : — 

If P,;^ denotes total transmission power loss, as defined 
above, 

L „ length of shaft in feet, 

D „ diameter of shaft in inches, 

N „ speed of shaft in r.p.m., 
then for a range of speeds of about 1000 to 1600 r.p.m., 

(4) (i^r 
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317. Description of the Problems. In this chapter the 
intention is not so much to examine typical pumping-plants as 
to review particular aspects of the installation, noting what 
varied solutions can he found for a specific problem. While 
some of the plants described may be of quite a general nature, 
others may be expressly designed for a closely-defined duty. 
In one way, then, the descriptions will serve as a commentary 
on the material contained in Chapter XVIII ; in another way 
they are a continuation of the treatment begun in Chapter XIX. 

The following sub-headings will indicate the nature of the 
ground to be covered : — 

(i) Grouping of pumping units. 

(ii) Boosting systems. 

(iii) Systems for controlling pressure-surges in conduits. 

(iv) Special priming systems. 

(v) vSy stems of auxiliary pumping plant in steam power 
stations. 

(vi) Transportable pumping plants. 

(vii) Hydraulic storage plants. 
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Grouping of Pumping Units 

318. Types of Grouping. In all pumping problems the 
fundamental need is to deliver to the flowing liquid a specified 
amount of energy. This energy can either be given in a single 
“ shot ” or dose, or it can be divided into portions and supplied 
to the liquid at a number of points along tho conduit. Trans- 
lated into practical language, this means : if a stated quantity 
of liquid is to be moved from point A to point B, shall we use 
one rotor only or must we use a number of rotors ? If more than 
one rotor is required, how can these multiple rotors conveniently 
be disposed ? There are at least four possibilities : — 

(i) The rotors can be assembled within a single casing, 
working either in parallel or in series. This solution was fully 
described in Chapter IX. 

(ii) We may use two or more complete pumps, each pump 
having its own motive unit, and these pumping-sets can be 
arranged in the pumping-station in series or in parallel. 

(iii) Two or more pumps may be jiermanently coupled to 
a single motive unit, the whole thus constituting another kind 
of pumping-set. 

(iv) When the liquid must be moved through a distance of 
many miles, a series of pumping plants must be spaced along 
the pipe line, each plant itself comprising several pumj)ing-sets. 

These dispositions will respectively be denominated thus : 
(i) Multiple-rotor 'pump, (ii) Single-pump sets, (iii) Multiple- 
pump set, (iv) Multiple-6-^ai5io7^ system. 

319. Single-pump Sets. This is the usual system of group- 
ing pumps and motive units, and has already frequently been 
mentioned. Here are some considerations to be ke])t in mind 
when fixing the optimum number of sets that will give the 
stipulated duty : Other things being equal, a single large pumj) 
will not only bo chea])est to buy, § 298, but it will have a 
higher efficiency at its design point than any smaller pump of 
the same shape could attain. On the other hand, a group of 
small pumps working in parallel can be manipulated so as to 
give a much more favourable part-flow efficieruiy, §§ 243, 244 ; 
and in any event the necessity of ])roviding stand-by plant 
rules out the possibility of relying upon one pump only. Still 
greater flexibility in operation can be achieved if the pumps are 
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of two different sizes. Assuming that the individual capacities 
are in the ratio (^) : (1), then the gross station output can have 
the relative values 1, IJ, 2, 2J, etc. In stations equipped 
with constant-speed pumps, e.g. those illustrated in Figs. 199 
and 205, this way of regulating the discharge is not only 
convenient but essential — ^it is the only practicable means of 
adjustment. The only material drawback is that two types 
of spare parts must be kept in the station. If, for this reason, 
only one type of pump can be allowed, there still remains a 
method of securing an infinitely-variable rate of discharge. 
Of the total number of identical ])umps in the station, all but 
one can be constant speed machines ; the remaining machine 
can be given sj)eed-variation, and by this means it can take 
care of all minor ehangt\s in gross discharge. 



Fic 209 Multiple puinps wot iii echelon. 

Usually tlio individual pumping sets are disposed side by 
side in the jmmp-liouse, as in Figs. 202, 206. A staggered 
arrangement is seen in Fig. 201, while in the accompanying 
Fig. 209 the pumps are st't in eclielon formation ; not only are 
the units easily accessible, but the connections to the outlet 
manifold are as direct as possible, § 288 (i). It is here assumed, 
Fig. 209, that the suction i)ipes rise vertically upwards to the 
pumps. The installation shown in Fig. 210 is remarkable for 
the great complexity of the conduits (^). It is typical of what 
may be required in certain kinds of dock-pumping equipment, 
where it may be necessary either to pump water from the dock 
into the sea, or from tlie sea into the dock (^). Each large 
vertical-shaft motor-driven centrifugal pump has its own reflux 
valve and four electrically-operated sluice-valves, which permit 
the water to be directed as desired. 
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When two pumping-sets have to be operated either in series 
or in parallel, § 243 (iii), they can conveniently be arranged as 
in Fig. 211. Diagram (i) shows the two pumps working in 



Fig. 210. — Arraiigoinont of pum])«! and conduits, otc , in dock pumping plant. 

series, while in diagram (ii) they are in paiallel. The cliange- 
over is effected by suitably mani])iilating the vahes («), (6), 
and (c). To enable one pump only to remain in service, the 
isolating valves of its fellow would be closed. 



320. Multiple -pump Sets, (a) Pumj[)s in Parallel. The 
starting-point in considering this arrangement is the twin-rotor 
pump described in § 1 1 6. There, the two rotors were accom- 
modated in a single easing, Fig. 77 ; now, we provide two 
standard centrifugal xmmps, and one motive unit to drive both. 
Fig. 212 (a). The multiple-pump set behaves in all respects 
as a single-pump set of high specific speed ; the shafts are per- 
manently coujfied together and so are the pipes (^). The com- 
bination is more economical in every way : as compared with 
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the two equivalent single-pump sets, there is an economy of 
space, a saving in first cost, and, because of the larger size of 
the motive unit, a slight saving in power consumption. Al- 
though it is true that this large motive unit might be set to 
drive a single large screw-pump or propeller-pump, such a 
solution might be ruled out by reason of the suction lift con- 
ditions, § 253. 

(6) Pumps in Series. Already we have seen the advantages 
of using two pumps in series (^), driven by a common motive 
unit ; this arrangement, as illustrated in Fig. 208, § 313, is fre- 
quently adopted in borehole pumping plants. A system that is 
advantageous for horizontal-shaft sets is seen in Fig. 212 (6) ; on 
either side of a double-ended electric motor there is a direct- 
coupled multi-stage pump. Standard pumps having say, six 
or eight stages each could here be used, whereas if all the work 



Suction 

Fig. 212. — Multiple >pump sots. 


had to be done by a single pump there might be serious con- 
structional difficulties. Even as it is, there is one item of the 
high-pressure pump in Fig. 212 (6) that may need special 
treatment : it is the stuffing-box on the inlet side, §§ 129, 
142, which is now exposed to the full delivery pressure of the 
low-pressure puin]). 

Although twin multi-stage pumps are shown in Fig. 212 (6), 
the system of coupling in tandem is equally applicable to single- 
stage pumps. 

321. Other Multiple-pump Sets, (i) Pumps having Dif- 
ferent Duties. It is sometimes worth while permanently 
coupling a set of pumps to a single motive unit, even though 
the pumps have different duties and are connected to different 
circuits (*). In a large waterworks, for instance, where a steam- 
turbine drives the pumps, one of the pumps may feed a low- 
pressure system while the other feeds a quite independent high- 
pressure system ; the only thing the pumps have in common is 
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the same rotational speed. Another example may be found in 
a steam power station, in which perhaps the circulating pump 
and the extraction pump receive their energy from a single 
motive unit. 

(ii) Pumps running at Different Speeds. Here the individual 
pumps depending on a single motive unit are sharing the same 
duty, but for one reason or another they run at different speeds. 

Examples are : (a) The suction 
lift conditions may involve the 
use of a low-pressure pump 
whoso function is merely to feed 
the water into the main or high- 
pressure pump, § 255 (iii) (c). 
Because of the high total head, 
the main pump must run very 
fast : because of the high suction 
head, the low-pressure pump 
must run relatively slowly. The 
difference between the speeds 
could be bridged by a step-down 
gear-l)ox. Fig. 213 (a). 

(Example 42) 
(b) Tjie method of discharge 
regulation by means of a hy- 
draulic coupling, §§ 284, 300 (iii), 
is capable of refinement if two 
pumps are used instead of one. 
Tlie complete pumping set then 
consists of : first, the con- 
stant speed electric motor ; 
second, the main high-pressure 
pump, j 4, direct-couy)led to the 
motor ; third, the hydraulic 
coupling ; fourth, the low-pres- 
sure variable-speed pump, £, Fig. 213 (b) ; the whole being de- 
signed to deliver a varying discharge against an assumed con- 
stant head. Maximum discharge is given by running the coup- 
ling full of oil, wliich implies minimum slip and maximum speed 
of the low-pressure pump. To reduce the discharge, the slip is 
increased, pump B is slov/ed down, and the head generated by 
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this low-pressure j)ump is correspondingly reduced. As this 
throws a greater proportion of the total head on to the high- 
pressure pump, the flow through the set must decline as dictated 
by the high-pressure pump characteristic. 

The lower diagram in Fig. 213 (b) show how the load is 
shared under conditions of low discharge, and of high 
discharge, Q^. The corresponding heads contributed by the 
two pumps are and l^^e one case, and and 

in the other. Jf the broken line bb (representing the parabola 




(a) I 




-ooo 









214 — I^uinping stations for pi])o linos. 

of maximum efficiency for the variable-speed pump, § 220) 
could coincide with the full -line characteristic for pump A, 
then losses in pump B would be at their minimum. In any 
event the energy loss in tlie hydraulic coupling would be less 
than in the very much larger coupling required in a single- 
pump set. 

322. Multiple-station Systems. According to the de- 
finition of § 318, we are now dealing with a series of pumping 
installations spaced along a pipe-line (^). Considering the 
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simplest case of a long horizontal pipe in which the external head 
is wholly frictional, Pig. 214, there would at first appear to be a 
choice between (a) concentrating the entire pumping plant at 
the head of the line, or (6) disposing groups of pumps uniformly 
at equal distances apart. As the diagrams show, the total 
energy input to the liquid must be the same in either case ; 
but the hydraulic conditions in the pipe-line are very different. 
The maximum pressui'e in system (a) would be three times as 
great as in system (6), and this difference would undoubtedly be 
reflected in the cost of the pumj) and pipe-line. It is true that 
the overall cost of installing and ruiming the individual stations 
might be higher than the corresponding figure for the combined 
station ; yet there are operating advantages to be taken into 
account also (^). Storage reservoirs at each station will ensure 
greater flexibility of working, and less interruption to the ser- 
vice, if a pipe should burst or a pumping set fall accidentally 
out of commission. (Example 43) 

Uniformly-pitched pumping stations are hardly likely to 
provide the best solution if the pipe-track follows undulating 
ground. The location of the plants will doubtless be governed 
by (i) the necessity of avoiding negative or suction pressures 
anywhere in the main pipe-line, (ii) the desirability of keeping 
the positive pressure within reasonable limits, (iii) the possi- 
bility of utilising local sources of power, of water, and of supplies 
for the operating staff. If, for example, the profile of the 
country were of the general nature shown in Fig. 214 (c), and 
a single intermediate station were specified, then it should 
manifestly be located at A rather than mid-way along the line. 

Boosting Stations 

323. Principles of Boosting. In general, a booster pump 
is one that augments or “ boosts ” the pressure of the liquid 
already flowing througli a hydraulic system ; it does not itself 
initiate the flow of liquid, but only helps the liquid along. In 
this broad sense, the installations shown in Figs. 201 and 202 
are undoubtedly carrying out a boosting operation, for by 
generating an additional head they increase the speed of the 
liquid along its original channel. The uppermost of the two 
pumps in the borehole set described in § 313 could be termed a 
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booster pump because it imparts additional energy to*the water 
fed to it by the lower pump. 

The term ‘‘ boosting station ”, on the other hand, has 
rather a particular significance. It is applied to pumping in- 
stallations interposed in the water mains of a water-supply 
undertaking, for the purpose of increasing the discharge in the 
mains. The elements of the problem are represented sche- 
matically in Fig. 215, where the boosting station is indicated 
by a pump set in a shunt circuit, arranged in parallel with a 
reflux valve in the main itself. Until the pump is started up, 
the flow along the pipe is dependent entirely upon the gravita- 
tional head U, i.e., upon the difference in level between the two 
reservoirs. But when the pump is running it generates a head 



hjn which creates a “ step ” in the hydraulic gi-adient as shown 
in the diagram, with tlie result that the reflux valve closes and 
tJie whole flow in the system is now by-passed tlirougli the 
pump (^). That is an imjiortant point : no matter how small 
an additional head the pump develops, tlie ])ump has to carry the 
entire augmented flow. To what degree is the flow increased ? 
That can be gauged by the increased slope of the hydraulic 
gradient : under tlie gravitational head H, the discharge was 

proportional to ^/virtual slope, or to ; under the augmented 


head (H -f- h^), the boosted flow is i)roportional to 


JH + 


The effect of the pump, in sliort, is just as though the level of 
the lower reservoir had fallen by a distance h„. 

324. Types of Boosting Station, (i) Without Water 
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Storage. For use with long gravitational mains working on the 
hydraulic principle of Fig. 215, a suitable typo of boosting 
installation is shown in Fig. 216. It comprises three standard 
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Fio. 21G. — Arrangement of boos ting plant. 


centrifugal pumps, each driven by a direct-current variable- 
speed motor which takes its supply from special motor-generator 
sets ; for only in this way can the necessary close regulation of 
discharge be guaranteed (*). In place of the automatic reflux 
valve used in Fig. 215, there is now a power-operated valve in 
the main pipe which serves to divert the flow through the pumps 
when the gravitational head is insufficient. (Example 44) 
From the graphs representing th(' internal and external 


d c a 



Fig. 217. — Optimum method ol 
operating booster plant. 


heads on the pumps, Fig. 217, 
it is evidtmt that if only a 
small increase in discharge is 
required, the pumps will be 
running under very unfavour- 
able conditions : they generate 
a disproportionately small head 
in relation to the discharge. 
Ideally, therefore, the best 
routine that would keep the 
pump performance nearest to 
the ridge of maximum ef- 
ficiency, § 222, would call for 
three pumps all working to- 
gether for small degrees of 
boost, but only two pumps 
when the speed and discharge 
have risen considerably. Para- 
doxical though this may seem, 
the procedure is justified by 
the diagrams. 


386 



PARTICULAR INSTALLATION PROBLEMS § 325 

These graphs are plotted on the same basis as those in Fig. 
166 (ii). But there are two differences in detail. Whereas in 
Fig. 166, the gravitational head was plotted ab(yve the base- 
line, in Fig. 217 the head aO is necessarily laid off downwards. 
Moreover, the rates of flow or discharge in the booster diagram 
are expressed in flows per pump. As the total flow in the main 
pipe progressively rises, the sequence of operations would be 
as follows : Boosting would begin when the gravitational head 
aO was exhausted. Then three pumps would bo set to work, 
each running at about 30 per cent, of full speed and each 
delivering a quantity ah. As the demand increased, the pumps 
would likewise be accelerated up to 60 per cent, of full speed. 
Thereafter one pump would be shut down, and the two remain- 
ing units would be still further speeded up, until the maximum 
flow in the pi})e (— 2 x dc) was attained, at very nearly full 
pump output. In this way the operating line bbcc is kept 
reasonably close to the pump maximum efficiency line aa. In 
point of fact it is unlikely that any station would run with so 
high a relative degree of boost ; a pumping head amounting 
to 125 per cent, of the gravitational head is needed to increase 
the pipe flow by only 50 per cent. This might imply pro- 
hibitive power costs. 

In practice, in order to eliminate manual regulation of the 
pumping units and to enable automatic control to be enforced, 
§ 281, it would bo preferable to run the three pumps always as 
a group, with speeds rising and falling in unison. Alternatively, 
two pumps arranged in series might be advantageous, set in 
the kind of circuit illustrated in Fig. 211. Either of the two 
pumps would serve for small boosts, and both pumps for high 
boosts. 

The location of the boosting station in the pipe-line is a 
matter of some importance because of its effect on the hydraulic 
gradient, Fig. 215. Evidently it will be essential to verify that 
the absolute pressure at any point in the pipe does not fall 
below atmospheric pressure, or rise above the safe capacity 
of the pipe. 

325. Types of Boosting Station, (ii) With Water Storage. 
Small boosting installations are often designed so as to be com- 
pletely automatic and unattended. They can then be arranged 
in some such manner as in Fig. 218. The storage chamber, 
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which may take the form of a cylindrical steel shell working 
under compressed-air pressure, serves two useful functions : 
(i) it permits the pump to work intermittently, thus ensuring 
a higher average efficiency, § 241 ; (ii) it cushions water-hammer 
effects in the main tliat might arise when the pump is started 
or stopped. Assuming that the station has been established 
to maintain adequate pressure in some outlying or elevated 
district of a water authority’s area, let us now follow its working 
throughout a typical day. 

During tlie early hours of the morning the demand for water 
is so small that the pressure gradient in the main pipe rises 
high above minimum levels, and tlie booster pump remains 
dead. Later on, there is an increasing draw on the supply, 

r - - - 

(a) , (C) 

I r 


Hydra ul/c grad/cnt 



Fig. 218 —Booster plunl with storage 

which pulls down the pressure nearly to its lower limit. Mean- 
time, as tJje air-pressure in the storage chamber lias been 
exactly keeping pace with these changes, the stored water there 
has gradually betm used up. Fig. 218 (a), as a result of the expan- 
sion of the air. At this point an automatic iiressure-s witch, 
§281, starts the constant-speed motor It drives the booster 
pump at a rate greater than is lequiied lo supjily the maximum 
demand on the system, and boosting at once begins as in § 324 ; 
but now its effect is modified by the air chamber, diagram (6). 
The air-pressure— and with it the pressure in the main can only 
slowly increase, as water accumulates in the chamber. This 
stored water, of course, represents the surplus delivered by the 
pump, above what is momentarily asked for by the consumers. 

After perhaps half-an-hour or so, the storage chamber is 
again fully charged and the pressure there and in the main has 
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been restored nearly to its original peak value. The “ high ” 
contact of the automatic pressure-switch thereupon stops the 
motor, and for the next period the consumers are fed entirely 
by the reserve water which is forced out of the storage chamber 
by the compressed air, Fig, 218 (c). Again the pressure touches 
its minimum : again tlie booster jmmp is switched in : and so 
the cycle continues. Thus the respective lengths of the 
storing ’’ and “ discharging ’’ periods will be governed by the 
average demand on the system. Towards the end of the 24-hour 
day, we may expect that the draw on the system in general has 
slackened so rnucli that gravitational flow is again resumed and 
the boosting plant thereupon shuts itself down for the night. 

Control of Pressure Surges 

326. Character of Pressure Fluctuations. It was ex- 

plaiiR^d in Chapter XVII that the starting or stopping of a 
pump may set up j)i‘essuie waves that may be propagated 
throughout the whole piping system (^). If these are not 
properly (*onti oiled they may endanger the installation in at 
least three ways : (i) An excessive negative surge might cause 
the ])ipo to collajise inwards because of the unbalanced external 
pressure of the atmosphere, § 2G4. If tlie liejuid column has 
been ruptured, tlie [)i[)e may burst through excessive internal 
shock pressure when the two parts of the column rc-unite. (ii) 
An excessive positive surge may likewise damage the pump or 
piping as a result of abnormal internal pressure, (iii) Violent 
slam-i)ressures may be generated by the closing of an automatic 
reflux valve, § 273. 

An insight into the kind of preventive measures available 
was given in § 274. Before making a more detailed review, it 
is well to realise the relative importance of true surge pressures 
and of slam-pressures. The former can only reach a significant 
intensity when the delivery pipe is at least several hundred 
yards long, for it is only then that the pressure wave has time 
to build up (^). But slam-pressures can be quite dangerous 
when tlie whole hydraulic system is only a dozen yards long ; 
moreover, they are applied to the pump and pipe system so 
nearly instantaneously that their jirecise value is most difficult 
to estimate. 
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327. Inertia Pressures when starting the Pump. The 

reasoning of § 262 showed that the intensity of positive surge 
pressure when the pump is started from rest can never exceed 
a figure equivalent to the zero-discharge head of the pump. 
Yet for a propeller-pump installation even that might be re- 
garded as excessive. The safeguard recommended in § 280 
— the use of starting-gear that brings the pump gradually 
up to speed — ^rules out the attractive simplicity of the direct- 
on - line squirrel - cage motor. Alternative expedients are 
sketched in Fig. 219. In diagram (i), there is a hand-operated 
by-pass which is opened before the pump is started and then 
gi’adually closed after the pump has picked up speed. The 

system si) own in dia- 
gram (ii) is completely 
automatic and consists 
only of an overflow 
pipe, which positively 
limits the pressure dur- 
ing the starting period. 
It will be realised that 
such devices are in- 
tended to protect the 
driving motor rather 
than the pi])es and 
pump, for expressed in 
])Ounds per scpiare inch 
the worst possible pres- 
surt*s arc only trivial. 

Inertia eftects in the auction sy stein may occasionally be 
troublesome. Referring to pumping installations such as those 
illustrated in Figs. 199, 205, it might easily hapinm that the 
river bank is not the best place to build the pump house. In 
order to find better foundations or better access from road or 
railway, the station may have to be set back some hundreds 
of yards Irom the river, as in Fig. 220, the water being taken to 
it through an underground j)ipe which terminates in a well. 
The individual suction i>ipes of the pumps draw diiectly from 
this well. What will happen when a pumping-set is started ? 
Before the water column in the long underground pipe can be 
accelerated sufficiently, the water level in the well may be 
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drawn down several feet ; and if the pump motors are con- 
trolled by immersed electrodes, § 281, the result may be that 
the motors are automatically switched off again. A series 
of starts and stops may follow before conditions are finally 
stabilised and steady flow has been established, thus over- 
taxing the starting equipment and motors. The remedy is to 
make sure that the suction well has a generous surface area. 

328. Systems for Minimising Slam-Pressures, (i) In 
Low-head Plants, The only infallible method of eliminating 
slam-pressure when the pump stops is to leave nothing in the 
pipe that can possibly slam. But this condition has been 
fulfilled in various installations already illustrated, e.g. those 
in Figs. 199-202, 205-200. What need is there, then, for any 
further study of tlie problem ^ There are two reasons : (a) 
all these ])lants depend upon the presence of an alert attendant 
who can sliiit the sluice-valves or gates if power is accidentally 



Fici 220 — (V)ii(litions favourable for suotioti surges 

cut off from the motors. It is true that while he is doing so 
the water may run backw^ards and drive the pump wrong way 
round ; but no harm will result during this short emergency if 
the plant has been designed suitably. (6) The other reason 
concerns ])ropel]er i)um]>s. No sluice-valve or the like can be 
permitted in a circuit including such a pump, for if it were 
accidentally kTt closed the motive unit would be dangerously 
over-loaded, Fig. 149. This means that other control systems 
must be evolved ada])ted to unattended plants and to propeller 
pumps in particular. 

Such a system is shown in Fig. 221 (i) ; it comprises nothing 
but an axial-flow pump and a short open pipe. The pump is 
set at such a level that it is permanently submerged in the 
suction chamber, and the w’^ater is discharged just above the 
highest surface level on the delivery side. The installation 
is in every way suited to automatic or to remote control, 

891 



ROTODYNAMIC PUMPS 


§329 

§281. As soon as tlie driving motor is switched into circuit, 
the pump picks up the water wdthout the need for priming ; as 
soon as the motor is switched oiF, the pump slows down, stops, 
and possibly runs backwards-way for a few revolutions while the 
water in the pipe empties itself back into the suction well. 
Then everything falls quiescent. 

Only one serious objection can be broiight against this ad- 
mirably simple arrangement — it is necessarily wasteful at low 
heads. If the })revailing static head is less than tlie limit- 
ing value there can be no reduction in the energy input 

to the pump ; all that happens is that enejgy is dissipated as 
the water falls uselessly from the pipe outlet. A very slight 



Fi( 4. 221.- C’omparativo layoiiis for axlal-ll()\^ jniiTips. 

modification overcomes this trouble ; by submerging the end 
of the d(']iv('ry pijie and flaring it outwards, Fig. 221 (ii), 
highest ])ossible efliciency is ensured at any head. But now 
another difficulty presents itself : how can we prevemt the 
water siphoning back when ])OWTr is switched off ? The 
answer is : an automatic vacuum -breaker must be set in the 
crown of the siphon, diagram (ii). If this is ])ositive]y o])ened 
whenever the pump slows down, atmospheric air will enter, 
the water will at once drain aw^ajr, and further flow from 
delivery side to suction side of the system cannot occur. 

(Example 45) 

329. Automatic Devices. One type of automatic vacuum- 
breaker is shown schematically in Fig. 222. The air val\e opens 
vertically downwards, and unless it w'ere restrained it certainly 
would remain open under the influence of its own weight and 
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of the pressure difference acting on it. During normal pump 
operation, a lever and trigger mechanism keeps the valve shut, 
as the diagram indicates. The elements that respond to speed 
changes arc (i) a small gear-wheel type oil-pump, and (ii) a servo- 
motor fed from this auxiliary pump. The auxiliary pump can 
either be driven by its own auxiliary motor, or it can be driven 
from the main pump shaft through the medium of a centrifugal 
clutch. In any event matters are so arranged that when the 
gear-wheel pump runs at a speed corresponding to main pump 
speed, it generates a pressure in its own circuit high enough to 
enable the servo-motor to overcome the thrust of the opposing 
spring. Because the sei*vo-motor has a leaky ’’ piston, or 
some equivalent device, oil circulates continuously. Thus the 
trigger is able to hold the air-valve shut, Fig. 222. 

Automatic tripping occurs in tliis way : as soon as the main 
pump slows down for any reason, the auxiliary pump stops, the 
oil pressure fails, the servo-motor piston is pushed back, the 
trigger releases the lever and the air-valve is free to open. In 
an electrically-driven set, the auxiliary pump motor is wired in 
parallel with the main motor so that the two are obliged to 
start and stop in unison ; in an engine-driven set, the centri- 
fugal clutch throws the gear-wheel pump in and out of service. 

It is an automatic* system of this type that safeguards the 
siphonic pumping set illustrated in Fig. 204 (I). As for its 
use in the conditions described in Fig. 221 (ii), we have to re- 
member that the installation is now no longer fully automatic ; 
although the air-valve is tripped without any manual attention, 
it must be set again by hand. 

330. Automatic Gates, etc. Large pumping plants rarely 
lend themselves to the simplified dispositions seen in Fig. 221 ; 
there is now no escape from the need for control elements in the 
pipes, and all that can be done is to see that they cannot create 
harmful shocks. Wo might let Fig. 223 (i) represent a typical 
layout. If it a})poars that a freely-swinging outlet flap-valve 
would be unsafe, § 290 (iii), there is a cliance that it could be 
made serviceable by fitting to it the elementary form of dashpot 
shown in diagram (ii), which exerts an appreciable cushioning 
effect as the flap-door approaches its seating. 

A more elaborate type of hinged outlet door embodies the 
principle utilised in the automatic atmospheric valve. Fig. 222. 
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The eombination of gear-wheel pump and servo-motor is now 
adapted to hold the door positively open while the main pump 



Fig. 222. — Seivo motor controlled 
vacuum breaker. 


is running, and to lower the 
door quickly yet harmlessly 
on to its seating w'hen the 
pump slows down. Such an 
arrangement would be very 
smtable for use with the in- 
clined propeller pump in- 
stallation, Fig 204 (II) ; it 
has the added merit of re- 
ducing eddy loss at outlet. 

When the plant neces- 
sarily included sluice-gates 
as in Figs. 202 and 206, 
these can be made auto- 



matic by fitting hydraulic operating gear to them (^). The 
principle can be understood from Fig. 223 (lii). Once again we 
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rely upon pressure-oil as a working medium, and again, as in 
§ 329, it is fed to the servo-motor cylinder by a gear-wheel 
pump which responds to speed variations of the main pump. 
If the system were applied to the half-axial pumping plant de- 
scribed in § 308, automatic operation of the gate would proceed 
thus : So long as the main pump is at rest, the weight of the 
sluice-gate will keep it shut. Immediately after the engine 
has started, tjie centrifugal clutch engages and the auxiliary 
pump begins to deliver oil to the operating cylinder ; in con- 
sequence the gate steadily opens, and flow from the main 
jDump begins. Before long the set has attained its full speed 
and discharge, and the gate has reached its highest position, 
where it is held by the continuous pressure generated by the oil 
])ump. Only when the engine speed falls again is this pressure 
relaxed, whereupon the gate quietly sinks and the sluice-open- 
ing is closed again. The rate of opening and closing can be 
regulated as desired. 

This system can successfully be applied to large installations 
driven either by oil engines or by electric motors, and including 
either centrifugal or screw-type pumps. 

331. Reduction of Slam-Pressures, (ii) In High-head 
Pla>nts. We now pass to pumping installations where the head 
is so relatively high that none of the expedients touched upon 
in §§ 328 to 330 is any longer applicable (*). Henceforth we 
must rely upon something in the nature of the reflux valves de- 
scribed in § 290. Why will not these standard fittings them- 
selves serve ? TJiey are manufactured and sold in large 
numbers, so ])resuraably their users are satisfied with them. A 
partial answer can be found in § 273, which suggests that the 
severity of slam -pressure is directly influenced by the character 
of the installation. It follows that while a normal type of reflux 
valve would fulfil all requirements in one pumping system, the 
same valve might generate most dangerous pressures in another 
system. We must remember, too, that we are only likely to 
depend upon the reflux valve in exceptional conditions, e.g, 
in the event of the accidental tripping-out of the driving-motor, 
§ 267 ; usually the pumping set is shut down by the carefully- 
controlled closure of the sluice-valve. So in these circum- 
stances it might be no more than a fair risk to let the reflux 
valve slam rather hard from time to time ; we should verify 
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that the pump and piping came to no visible harm, and we 
should hope that the valve would not slam once too often. 

As a criterion for distinguishing between relatively ‘‘ safe 
conditions and potentially harmful ones, one might use a re- 

static head . t ^ 

tardation ratio having the value , -r — r — : — . According to 

length of pipe 

§ 273, this value represents also the ratio between the retarda- 
tion of the liquid column at the moment of valve closure, and 
the acceleration of gravity, assuming that at that instant the 
pump itself is generating no head. In a rough way, we can 
believe that if tlie retardation ratio is low, there is a chance 
that a normal reflux valve will serve, while if the ratio is high 

we ought to look for some- 
thing else. Those tend- 
encies are manifest in Fig. 
192, where an increase in 
Hjl from 0*36 to 0*77 corre- 
sponds to a greatly aug- 
mented sho(*k pressure. 

332. Some Difficult 
Conditions. Character- 
istic lay-outs that have 
awkward possibilities are 
sketched in Fig. 224. If 
the pump discharges di- 
rectly into a vertical pipe 
(i), the retardation ratio 
has the value unity — the 
liquid column is subjected 
to the full force of gravity. If the pump that is to be shut 
down is one of a group set in parallel across a pair of bus 
pipes (ii), the retardation ratio may be much greater than 
unity. So it may be, also, if there is any kind of air-loaded 
water container in the circuit, e.g. as in the automatic boosting 
plant, § 326 ; the compressed air is capable of impressing very 
rapid retardation on the short water column in the loop circuit. 
In every way, indeed, the pump reflux valve in this installation 
is exposed to unusually severe treatment. Because of the 
automatic working of the plant, the valve gets no protection 
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Fio. 224. — Conditions likely to provoke 
severe slam- 2 )ressunn 
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from any hand-operated valve, and moreover it may close 
many times in the course of a day. 

No numerical limits can be assigned to “ safe ’’ and un- 
safe ” values of the retardation ratio : the whole conception 
gives general guidance only. We can only say that the con- 
ditions just enumerated are potentially dangerous, and we can 
only depend upon experience for further help. 

333. Controlled Reflux Valves. If a standard type of 
reflux valve appears to be manifestly unsuited for a given 
situation, how can it be modifled to make it suitable ? It 
seems as though two contradictory principles might be applied. 
According to § 273, the first essential is to ensure that the 
pivoted valve closes on to its seating tlie instant forward flow 
ceases, for only thus can we prevent the incipient return flow 
that would infallibly bang the valve shut. But with equal 
plausibility we might argue that return flow would not matter, 
so long as the valve were mechanically restrained from slam- 
ming home. If return flow through a by-pass valve is advan- 
tageous, why cavil at reverse flow through the main valve ? 
In fact, both arguments are sound if consistently a])])lied. 

(a) Spririg-controlhd Valve, Accepting the first of these 
two ])rirrciples, we can formulate these conditions : (i) the lift 
of the valve must be restricted ; (ii) the inertia and thus the 
weight of the moving parts must be small , (iii) there must be 
a powerful closing force. The mstant the forward flow of the 
liquid slackens as the pump slows down, we want to give the 
valve-flap every encouragement to hasten back on to its seating 
so that it is safely home as the last drop of liquid squeezes past. 
By using an external spring to supply the closing force, we 
arrive at some such construction as is sketched in Fig. 225 ; 
but we also impose a serious energy loss on the liquid as it 
forces itself through the restricted opening durmg normal pump 
operation. In electrically-driven pumping sets the difficulty 
can be overcome by using a solenoid-operated trigger to hold 
the valve wide open while the pump is running (^). As soon as 
the supply current fails and the solenoid is no longer energised, 
the trigger is released, and the main spring takes charge. 
Naturally the apparatus must be re-set every time the pump is 
started. Fig. 225. 

(b) Dashpot-controlled Valve, The simplest embodiment of 

397 



ROTODYNAMIC PUMPS 


§334 

dashpot control was illustrated in Fig. 223 (ii), where a projection 
on the swinging flap served as the dashpot piston. As applied 
to a reflux valve for use in a closed pipe, this principle of 
damped closure would require a more complex arrangement 
of levers, links, and an external dashpot cylinder. These 
would be adjusted so as to lower the valve gently on to its 
seating in spite of the return flow which was trying to slam 
the valve. 

In effect, there may be various combinations of systems 
(a) and (b) ; moreover, exceptionally skilled design of freely- 
pivoted valves may enable them to close quietly even in un- 
promising conditions (^). 

334. Reducing Negative Surge. As already explained, 
slam -pressures have the nature of a sudden, violent “ kick ” ; 
but the true surge's now to be re-examined develop relatively 

slowly and the wave form can be 
predicted fairly accurately. The 
time scales of the autogi'aphic 
records reproduced in Pigs. 191 to 
193 are significant ; whereas for 
true surges the graduations are 
s])aced apart at intervals of 5 or 
30 seconds, they must represent 
only one-tenth of a second when 
slam oscillations are to be shown. 

How can the intensity of the 
negative surge in the delivery 
main be controlled ? The length 
of the pipe — a matter of per- 
haps 500 or 5000 yards — will probably be fixed by the basic 
needs of the installation. The velocity of the pressure-wave 
along the pipe, § 261, is virtually unalterable. The pipe 
diameter might be increased so as to lessen the water velocity 
at the moment of tripping out the pump motor, but the cost of 
the pipe would rise prohibitively. There remains the possi- 
bility of altering the rate of retardation of the rotating parts of 
the pumping-set, § 267. It is a very attractive possibility, too. 
Both Fig. 189 and Fig. 190 reveal a clear connection between 
this rate and the intensity of negative surge : the more gradu- 
ally the pump rotor slows down, the smaller is the surge. 
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(a) Use of Flywheel. 

Suppose, then, that after plotting as in Pig. 189 (hi) the wave 
form for a particular installation, we find that it falls below the 
pipe ? The negative head thus disclosed could not be tolerated, 
especially if it were great enough to encourage separation, 
§ 264. The intensity of surge must be reduced ; the rotating 
parts must be encouraged to keep up their speed ; and this can 
be done by increasing their mass. There is no technical difficulty 
in doing this. The half-couplings on motor shaft and pump 
shaft may be made specially heavy, or a flywheel may be 
mounted on the motor shaft. This would only mean that the 
main bearings might need a little modification to fit them to 
take the additional weight, and that possibly the motor starting 
gear should be re-designed. In practice the system is com- 
pletely successful, and is regarded 
as the most effective of all methods 
of surge-pressure reduction (^). 

(Example 46) 

(b) Use of Air-chamber. 

An alternative — and sometimes 

complementary — method depends 
upon a large air-chamber communi- 
cating with the lower end of the 
main delivery pipe, at a point as 
close to the pump as possible. If 
the j)ressure in the pipe tends to 
fall, cons(‘quent upon a drop in pump speed, the compressed 
air in the chamber forces out some of the stored water and helps 
to maintain flow in the pipe, Fig. 226. 

335. Reducing Positive Surge. The two principles to 
be applied here are : (i) Do all that is possible to keep down 
the intensity of the negative surge, (ii) If this is not sufficient, 
provide an automatic relief-valve, Fig. 193, § 274. Various 
types of relief-valve are available ; in some of them, the im- 
pulse which initiates the opening movement is provided by the 
pressure drop in the pipe itself, while in others there is a servo- 
motor mechanism which responds to changes in pump speed, 
as in § 330. 

The air-chamber mentioned above is not as efficacious in 
cushioning positive surges as might be imagined, for the 
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secondary surges generated by the expansion of the air may 
themselves be troublesome (^). Moreover, the large volume of 
compressed air so close to the pump may itself encourage 
serious sZam-pressure when the main reflux valve closes, § 332. 

335. Special Methods. In the largest size of medium- 
head or high-head pumping installation, the energy of the water 
column in the delivery pipe, at the moment of tripping out of 
the main pump motors, is so formidable that only tlie most 
positive measures of control are likely to promise security. 
In consequence, any reasonable expenditure on jiroteetive 
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Fig 227 — Pumping plant for tho Coloiaclo Kivoi acjiioduct 


devices can be regarded as no more than a justifiably incurred 
insurance premium. As an example of the most advanced 
practice in this field one may cite the mecluinism designed for 
the pumping installations of the (/olorado Kiver Aqueduct 
(USA); these plants repay study all the more because they 
illustrate so many of the principles (explained ('Isewhere in this 
book. 

The various plants are built up of grou])s of pumps arranged 
as shown in Fig. 227. Each group has three vertical electrically- 
driven units, and each pump has its individual delivery pipe (^). 
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The three delivery pipes unite to form a single large rising main 
which terminates in a capacious surge-shaft ; thence the water 
flows through a pressure tunnel to a balancing reservoir where 
it is picked up by further pumps and passed on through other 
open or closed conduits. Some general points to be noticed 
are : — 


(i) Being of the side-inlet, medium specific-speed, centri- 
fugal type, and of exceptional size, the constant-speed 
pumps work at an efficiency in the region of 93 per cent. 

(ii) This efficiency can consistently be maintained in service, 
because the balancing reservoir and the disposition of 
the pumi)s in parallel permit the start -and stop system 
of flow regulation to be used, § 241 (ii). 

(iii) Cavitation risks are minimised by running the pumps 
under a ])Ositive suction pressure, or negative static 
suction lift, § 255 (i). The pumps are set below the river 
surface level. 

(iv) The chain of stations spaced along the aqueduct re- 
presents a crowning example of tlie multiple-station 
system, § 322, fed with energy by its special electrical 
distribution lines, § 299. 

337. Power-operated Control- Valve. A single main 
valve interposed in the diverging pump-outlet pipe. Fig. 227, 
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Fi(, 228 Diagiam illustiatiiig autoinatK ]Kn\(i contiolUd pln^< \alvo. 

is designed to serve both as an isolating valve and as an auto- 
matic emergency relief valve. In essence this organ is a very 
large plug-cock, specially built so that during the turning opera- 
tion the plug is raised slightly in its housing, so as to reduce the 
energy expended in this process. The source of energy is an 
electrically-driven oil pump, Fig. 228. It feeds pressure-oil 
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into an air-loaded accumulator or reservoir ; thence the oil 
passes through an operating-valve to the main servo-motor 
which does the actual work of opening or closing the main 
plug- valve. 

During routine working of an individual pumping set the 
valve is used in the normal manner, § 2G6. Jt is left closed 
while the pump is being run up to speed, and then, by regula- 
tion of the operating-valve, tlie servo-motor is caused to open 
the main valve at the necessary slow rat(‘. The valve remains 
fully open during normal running, Fig. 228 (i). Wlien a pump 
is to be taken off load, the plug-valv e is slowly closed and finally 
the pum]) motor is switched off. 

It is during an emergency shut-down, following a failure of 
the electric power supply to the station, that the air chamber 
proves its value ; it serves as an alternative source of ])ower for 
energising the control mechanism, even thougJi the oil pump 
has fallen out of action. Immediately the electric elements go 
dead, an automatic device takes command of the servo-motor 
operating-valve and causes the main valve-plug to turn rapidly 
nearly into the closed position. Fig. 228 (ii). Meantime a 
negative pressure-surge has inevitably been developing in the 
rising main. When the ensuing positive surge arrives at the 
main valve, it finds an opening -albeit a steadily diminishing 
one — through which it can dissij)ate itself ; return flow takes 
place back into the pump rather than through a separate relief 
valve as in Fig. 193. But such return flow can do no harm, 
and it is gradually extinguished as the plug-valve continues to 
turn slowly to its final fully-closed position, Fig. 228 (iii). 

There is an instructive comparison to be made between 
this very elaborate system of surge-pressim^ reduction, and the 
simpler automatic device illustrated in Fig. 223 (iii). In pumps 
s]>ecially built for liydraulic-storage plants, still another method 
of surge control can be embodied, § 350. 

Special Piuming Systems 

338. Some Remaining Possibilities. In summing-up the 
problem of priming as it affects the whole installation, § 291, 
the various tyj)es of solution can be rearranged thus : 

(i) If the pump is permanently set below the level of the 
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liquid on the suction side no priming equipment is needed at 
all, Figs. 204 (H), 207, 219, 221, 227. 

(ii) If the pumps are of medium or large capacity, working 
normally against a suction lift. Figs. 199, 202, 205, there will 
be independent evacuating pumps or ejectors that are set in 
operation by the attendant during the routine of starting a 
main pump, § 292. 

(iii) Self-priming pumps of special construction embody 
priming apparatus that requires no manual attention, §§ 152, 
156. 

There remain to be described a few devices and dispositions 
that do not exactly fall into any of these categories, and that 
offer particular solutions adapted to special conditions. 

339. Systems for Small Engine-driven Pumping Sets. 
The engine itself or its accessories can help to prime the pump 
it drives, thus : -- 

(i) After tlie engine has been started, the exhaust can be 
partially throttled so as to create an appreciable back-pressure ; 
and as tlie pump is not yet under load, this temporary throttling 
does not incommode the engine (^). A ])art of the exhaust gas 
is then diverted through the nozzle of an ejector (of the type 
shown in Fig. 195) built into the pump, and ])riming proceeds 
normally. The exhaust is freed as soon as the pump picks up 
its water. The whole apparatus, which is intended only for 
high-S])eed engines of a few horse-power, can be thrown in and 
out of action by the movement of a lever. 

(ii) The partial vacuum created hi the mduetion system of 
the cmgine can likewise be used to di-aw aii out of the pump and 
suction pipe. Assuming that a more oi less standard type of 
automobile engine is hi question, a small-bore pipe could be 
connected to the induction manifold and to the centrifugal 
pump casing ; a float-valve interposed in this pipe, § 292, 
would safeguard the engine from flooding. It is just during 
the period of priming, when the engine is running nearly light, 
that it develops the highest vacuum -a fortunate coincidence. 

(iii) Another accessory that can be pressed into service in 
these small pumping-sets is a diaphragm-tyiie petrol-pump, 
of the sort used as a fuel-pump in a motor-car. It is now 
made to work as an evacuating pump. A special unit is 
employed, mounted in such a manner on a hand-lever that a 
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movement of the lever brings the actuating trigger of the 
evacuating pump into engagement with a cam in the engine. 
Priming of the main pump then begins, the air being drawn out 
by a flexible pipe coupled to the suction side of the auxiliary 
pump. The hand-lever is thrown over again as soon as the 
main pump begins to work normally (*). 

(iv) If a rotary type exhausting pump is preferred, § 292, it 
can be mounted on a rocking frame pivoted about an axis 
parallel with the main pump axis. This auxiliary pump is 
driven through friction wheels keyed on the main pump shaft 
or the engine shaft, and its inlet passage communicates with 
the main pump casing by a ported trunnion. When the priming 
pump is in the off ” position, the port is closed and the pump 
is idle ; when the engine has been run up to speed and the 
priming pump has been swung over into the “ on ’’ position, 
the friction wlieels engage, tlie auxiliary pump begins to work, 
and priming begins. 

340. Automatic Priming Installations. While it is not 
pretended that a sharp distinction is here raaiutained between 
a self-priming pumj) and an automatic 2)rimLng installation, yet 
such a distinction could in princiifle be recognised. A self- 
priming pump is a sj)ecially -built machine ; an automatic 
priming installation comprises a standard centrifugal pump to 
which has been added appliances which permit i)riming to 
proceed witliout manual control. The diverse (bsi)ositions 
available might be separated into the categories of electric and 
hydraulic, 

(i) Electric Systems. Here the essential new cojnjxment is a 
set of electric contacts or the like which automatically energises 
some standard evacuating appliance whenever the main pumj) 
needs priming (^). Two systems are shown schematically in 
Fig. 229. In sclieme (a), an air chamber connected to the main 
suction pipe accommodates a float which is adapted to operate 
“ start ” and stop ” contacts. When the float falls to its 
lowest position, e.g. when the suction pipe is dry, the electric- 
ally-driven vacuum pump will be switched on and air will be 
drawn out of the suction pipe and pump casing. The vacuum 
pump will be switched off as soon as the water level in the air 
chamber has risen to its upper limit. In scheme (6), the priming 
apparatus is mounted above the main pump casing, and the 

404 



PARTICULAR INSTALLATION PROBLEMS §340 

electric circuit is controlled by electrodes. If the water level 
in the chamber drops too low, a solenoid-operated valve admits 
pressure-water to the nozzle of an ejector, and the excess air is 
removed. 



Fid 229 -Electric auloinatic priming fty^toms. 

(ii) Hydraulic Systems. These are shown m Fig. 230. The 
‘‘ Seaborne interceptor ”, (a), consists of a cylindrical drum, 
fixed in the pump suction pipe, whose capacity exceeds that of 
the wliole suction system , a loop in the pipe ensures that after 
the pump is stopped, the pump and the drum remain full of 



water. The priming element is a conical nozzle housed in a 
horizontal diaphragm extending across the drum. When the 
pump is started, water flows into it from the drum, and more 
water rises up the suction pipe to replace wjiat lias left the drum. 
Before the reserve supply in the drum is exhausted, the suction 
pipe is fully primed and ‘‘ solid ” water has begun to enter the 
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top of the dram. In passing through the nozzle, this water is 
able to entrain in it the residual air in the drum, and the mixture 
of air and water passes through the pump. Manifestly the lay- 
out of the suction system will here substantially reduce the 
permissible suction lift on the pump. 

Scheme (6), Fig 130, has points of similarity with the jet type 
of self-priming pump. Fig. 102 ; but now the priming jet does 
its work before the water enters the pump (*). The object of 
having two nozzles is this : during the priming period, when no 
water flows up the delivery pipe, low-pressure water passes in 
turn through the two nozzles, but when the pump is running 
normally the two nozzles work in opj^osition and thus discourage 
return flow from delivery to suction side of the system. 

Auxiliaky PumtinOt Plant tn Htkam Powek Stations. 

341. Categories of Pump. TJio auxiliary pum])s installed 
in a large steam-turbine power plant are not in principle of 
unusual design (^). What gives them as a whole their peculiar 
interest is the variety — and in some cases the highly-specialised 
nature — of the services they perform ; and as these services are 
highly responsible ones, involving the continuity of operation 
of the main units, the pumps must above all else be reliable. 
Another point is this : in an electric generating station, both 
steam and electricity are available on excc])tionally favourabh^ 
terms, and there are thus unique opportunities of studying the 
rival merits as motive units of auxiliary steam turbines and 
electric motors. 

The throe types of pump chiefly needtid are : — 

(i) Low-head pumps of large capacity for forcing conden- 
sing water through the condenser tubes and the cir- 
culating-water system. 

(ii) Condensate-extraction pumj)s for drawing condensed 
steam from the condensers against a high vacuum. 

(iii) Feed-pumps for feeding into the boilers tlie water re- 
ceived from the extraction pumps. 

There may also be various other pumps of loss importance 
that cannot individually be mentioned here. 

342. Circulating-water Pumps, (i) Supply taken from 
River or Cooling Pond. The hydraulic sj^stem to which the 
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circulating-water pumps must conform can generally be repre- 
sented by some such diagram as Fig. 231. Water from the 
river flows in turn through the pumps and the condenser, and 
returns again to the river under siphonic conditions (^). Thus 
the head, on the pumps, broadly speaking, is wholly a fric- 



l^iG. 231. Hydraulic* grachcmt in circulating- water systorn. 


tional one ; it comprises the energy loss in the condenser pas- 
sages and tubes, whicli may be of the order of 15 ft. head, and 
the losses in the inlet and outlet conduits which may be hundreds 
of yards long. But when starting up the system, the outlet leg 
of the siphon may not be charged with water, and then the 
pumping head is considerably greater than normal. Moreover, 



Fig. 2.12. \ ortical-sliaft circ'ulatiiig- water pump. 

as the source of water may be a tidal river or estuary, or at 
least a channel subject to fluctuations of w'ater level, the suction 
lift on the pumps will vary very widely. 

As a rule, the accommodation available for the pumps 
is either in the basement of the main power house or in a 
special pump-room built on the bank of the river. Such an 

407 




ROTODYNAMIC PUMPS 


§343 

installation of puinping-sots housed in their own building is 
illustrated in Fig. 232. 

To meet these varied conditions, standard horizontal double- 
entry centrifugal pumps of medium to high specific speed are 
usually preferred. Sometimes the twin-rotor type is chosen, 
§ 116, or the twin-pump disposition, § 320 (a). Vertical pumps 
fit in very well with the arrangement of Fig. 232. The advan- 
tage of axial-flow pumps is that the high head generated at low 
discharges, § 213, enables them to throw ’’ the water up to 
the condensers before siphonic flow has been established, pro- 
vided that the motive units have a sufficient overload capacit3^ 
to withstand these abnormal duties. (Example 47) 

Electric motors are invariably used as motive units. Al- 
though constant-speed units are often considered satisfactory, 
the hydraulic conditions are eminently suited to variable-speed 
control of discharge (^), imposing as thoy do a purely frictional 
hhad, § 242 (ii). Certainly the overall efficiency of the whole 
plant can be improved if the rate of flow through the con- 
densers can bo adapted to the temperature of the river, the rate 
of steaming of the boilers, etc. Scherbins speed control of 
centrifugal pump motors has beem used, § 278, and variable- 
slip hydraulic couplings for axial-flow pumps, § 284. 

(ii) Coolmg-tower Stations. Here the head and the suction 
conditions are virtually constant. While centrifugal pumps are 
commonly specified, there is an opportunity also for constant- 
speed tw^o-stage variable-pitch i)ropel]er pum])s, § 127 ; they 
give very economical discharge regulation. 

(iii) Marine I nstallations. For use on shipboard, vertical - 
shaft motor-driven centrifugal pumj)s have tlie particular merit 
of comj)actness. In high-speed naval light (Taft, jjreference is 
often given to propeller-pumps each driven by a steam-turbine 
through a st<'.p-down gear-box. 

343. Feed-water Circuits. In Fig. 110, § 163, there was 
presented in its simplest form the problem of transferring water 
from condenser to boiler. That diagram now has to be elab- 
orated and corrected so as to agree more closely with what 
really happens to the water during its journey, thus : — 

(i) Two or more pumps working in series must share the 
work between them, viz., an extraction pump and one or more 
feed-jmmps (*). 
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(ii) The energy loss in the system no longer depends solely 
upon pipe friction, as was shown in Fig. 110 ; in addition there 
are pressure losses imposed by feed heaters, regulators and the 
like, interpolated in the circuit. 

(iii) As the quantity of water pumped conforms to the vari- 
able rate of steaming of the boiler, so will the head generated 
by the pumps vary in accordance with their particular head- 
discharge characteristics. 



(iv) Most important of all, the water during its transit re- 
ceives not only hydraulic energy from tiie ])um]is but it also 
receives heat energy from the heaters. The resulting change in 
the physical properties of the water reacts upon the pump per- 
formance in two ways : (i) the rise in vapour pressure affects 
the suction capabilities, § 253 ; (ii) the fall in density increases 
the energy input to the pump per unit weight of liquid, § 230. 

In order to include only essential information in our new 
diagram, we may consolidate the hydraulic losses, (ii) abo\e, 
into three main items associated respectively with (a) a low- 
temperature heater or group of heaters, (6) a high-temperature 
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heater or group of heaters, (c) the automatic feed regulator 
which controls the rate of flow into the boiler. By this means, 
and by plotting temperature changes as well as pressure changes, 
we arrive at something in the shape of Pig. 233 (I). This 
circuit is manifestly hard on the high -temperature heaters : it 
subjects them to a pressure which is substantially higlier than 
full boiler pressure. An alternative system is to divide the 
work between two feed pumps, with the high -tern peral lire 
heater set between them, Fig. 233 (II) ; but this arrangement 
protects the heaters at the expense of the high-pressure pump, 
§ 345. 

When the typo of circuit has finally been settled, the 
business of choosing the individual pumps can proceed. 

344. Condensate Extraction Pumps. Of the general 
construction described in § 145, these ma(‘]anes may have one 
or two stages, and they can b(‘ set horizontally or vertically. 
In land installations they are almost invariably driven by con- 
stant-speed electric motor, while on shipboard they may bo 
turbine-driven. The sketch reproduced in Fig. 234 explains 
why such pumps must be able to draw* against the highest 
possible vacuum. The water collected at the bottom of the 
condenser shell, waiting to be evacuated by the pumj), is itself 
under saturation conditions : it would boil if the absolute 
pressure on it were hi the slightest degree reduced. But we 
have already agreed that nowhere in the pump can there exist 
a pressure louder than this, § 247. If, therefore, the pum]) is now 
just on the point of cavitation, it follows that the positive head 
hgj, is all we have to rely upon for overcoming all relevant 
changes of pressure-head, viz., the items i/gx/ and si)e(*ified 
in § 252. 

The value of this positive head — ^whieh is represented by 
the vertical distance between the water level in the condenser 
and the axis of the extraction pump — ^lias a direct bearing on 
the layout of the wliole plant. In a land installation the 
advantage of keeping the distance as short as possible is that 
the extraction pumps can be accommodated in the basement 
below the condensers without the need for excessive excavation ; 
in a marine installation there is the question of ensuring a low 
centre of gi’avity for the condensers (*). 

Naturally the rules of § 253 are not applicable here, because 
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tlie pump is certainly not of standard construction. In regard 
to the variables listed in § 252, none of those numbered (i) to 
(vi) has now any influence ; only those directly expressible in 
head of liquid need to be taken into account. Even then, the 
values of the individual items (vii) to (xi) can rarely be estimated 
with sutficient accuracy to permit the necessary positive head 
hgj, to be assessed ; only the pump maker can provide this in- 
formation. It may be as low as 2 ft. 

345. Boiler-feed Pumps, (i) Type, For service on land, 
horizontal multi-stage centrifugal pumps are commonly in- 
stalled, either of the ring type or the barrel type, § 121. At 
sea, the compactness of the direct-driven turbine-operated 
single-stage pump is a recommendation (^). 

(ii) Motive Unit, When the 
pump forms part of an electric 
geneiatmg plant, tlie most eco- 
nomical form of drive will un- 
doubtedly be by direct-coupled 
electric motor. Constant-speed 
sets are frequently accepted in 
spite of the energy loss in the 
feed regulator, Fig, 233. Jf 
the maximum attainable motor 
speed will not give the desired 
pressure without an inordinate 
number of pumi) stages, a 
step-uji gear-box might bo inter- 
posed (*). Variable speed direct-coupled sets are by no means 
unknown. 

For emergency and stand-by use there must also be a 
turbine-driven pump, that can take up the load at once — 
preferably automatically — ^if for any reason electrical energy is 
cut off from tlie pump motors. As just mentioned, all the 
feed-pumps in a marine engine-room are likely to be turbo- 
driven. 

(iii) Construction, Various modifications in design may be 
needed to fit the pump for continuously delivering hot water ; 
these have been explained in §§ 138 to 144. The most severe 
conditions will arise — a combination of maximum pressure and 
maximum temperature —in the high-pressure pump of the group 
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shown in Fig. 233 (II). It will be the stuffing-box on the inlet 
side that will probably need special care, § 143. 

(iv) Estimation of Head and Power In/put, The liydraulic 

gradients plotted in Fig. 233 give guidance in estimating the 
effective head on the pumps. Using the symbols : ~ static 

head, “ head equivalent to condenser vacuum, — head 
equivalent to boiler pressure, nH j, — gross losses in heaters, 
etc., n,r “ loss in feed regulator, — effective head 
generated by extraction pump, -- effective head generated 
by feed pump (s) ; then 

Hfip 1 - 11 fj, — H g He + + Hff. 

The water passing tlirough the pump will almost certainly be 
hot enough to make tlie corrections detailed in § 230 essential. 
For a stated liourly wdght of water delivered to the boiler, the 
feed pumps will absorb It'-ast energy if they handle the water at 
the lowest temperature. On these grounds, system (1) in Fig. 
233 is more economical than system (II). 

(v) Control of “ Suction ” Conditions, The term “ suction 
can here only be used in a conventional sense, for when tlie water 
enters the fee^d pump its pressure will be above — probably far 
above — atmospheric, and not below it. Nevertheless the ques- 
tion of pressure conditions within the impellers is no less im- 
portant than it was judged to be in § 252. Because the ex- 
ceptional conditions foreseen in § 255 (ii) are now operative, 
the procedure recommended in § 253 should be put aside in 
favour of the following : — 

(а) From the known v'ater temperature at inlet to the 
pump, th(^ vapour pressure or saturation ])ressure can be 
found, 

(б) From equation (16-3), § 252, the int<3rnal head drop 
H^nt can be computed. The effective head II ^ will be that of 
the first-stage impeller, and as this impeller will be of more or 
less standard design the appropriate value of the cavitation 
factor a can be read from Fig. 180. 

(c) If Wif is the water density at the inlet flange, then the 
minimum absolute pressure at the inlet flange will be represented 
by • Pvp + '^ifHint- Naturally it will be prudent to allow a 
margin of safety of 10 or 20 Ib./sq. in. above this value. A 
truly-plotted pressure diagram on the lines of Fig. 233 will 
show whether this margin exists or not. In other respects, 
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too, graphs such as these may be more immediately useful if 
they are expressed in terms of pressure rather than of head. 

(Example 48) 

346. Feed-pumps: Other Questions, (i) Characteristics 
of Pumps and of Circuit, The general relationship between 
discharge and head, for constant-speed pumps in series, has 
already been plotted in Fig. 168. In that diagram we may 
take pump A to represent the extraction pump, pump B to 
represent the feed pump, the head //, to represent the total 
(constant) effective head difference between the water in the 
condenser and the water in the boiler, and the head Hf to 
represent the gross hydraulic energy loss in the circuit at 
maximum pump output. At reduced rates of flow the vertical 
distance between the external curve and the internal combined 
characteristic curve {A + B) will denote the additional head to 
be dissipated in the feed regulator, § 343. Of course Fig. 168 
makes no pretence at showing these various quantities truly to 
scale. In fact the external head line will not depart greatly 
from the horizontal, which suggests to us that the feed regulator 
will waste least (‘nergy if the combined pumj) characteristic is 
also as flat as possible, § 240 (i). 

(ii) Parallel Working of Pumps. Now flat characteristics are 
almost necessarily of the unstable type, § 215, and these are in- 
admissible if, as frequently happens, two pumps are discharging 
in parallel into a common feed range. Pumps with such char- 
acteristics miglit not share the water equally between them. 
Instead, first one pump and then the other would try to get 
the bigger share, the final result being a violent and even 
dangerous periodic surging. A steeply-falling characteristic 
would certainly remove this inconvenience, but at the cost of 
heavy energy loss at light loads. To obtain the desired stability 
without losing too much energy m the feed regulator is a matter 
of unusually skilful design. 

(iii) Disposal of Surplus Heat. When the feed regulator is 
severely throttling ba(;k the flow, the power input to the pump 
is relatively much greater than the power output, § 206. The 
difference between the two is wholly converted into heat. As 
the flow through the pump is itself small, this heat cannot be 
carried away quickly enough, and in consequence the whole 
pump and the water in it may become excessively hot. If 
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these temperature conditions appear to be dangerous, some kind 
of by-pass or leak-oiF should be contrived, for leading a small 
return flow from the delivery side of the pump to a part of the 
system where it can safely be accepted (^). 

Transportable Pumping Plants 

347. Mobile Pumping Outfits. Self-contained pumping 
sets that can be moved from place to place have an immense 
range of utility. To be truly independent of their surroundings 
the pumps should manifestly be driven by internal-combustion 
engines, but occasions arise when electric motors can be used, 
taking their power tlirough flexible leads. Neitlier the pump 
nor the motive imit need be of fundamentally special design ; 
what they both need above everything is the simplicity and 
strength by which alone they can hoiie to withstand long periods 
of rough outdoor service. 

Oeneral-purpose sets are intended for unwatering foundations, 
draining pits and sumps, miscellaneous contractors’ jobs, and 
any temporary or emergency work they can manage. Engine 
and pump are mounted on a wheeled trolley, with fuel tank and 
accessories, and they may be given some light protection from 
the weather. The pump must be able to pass mud and sand 
without complaint ; and as it will probably be expected to 
draw through a suction hose dropped direct into the water, 
self-priming characteristics will be most desirable. 

Fire-fighting pumps have perforce been greatly developed 
during recent years (^). A common type of set comj)rises a 
2-stage centrifugal pump direct-coupled to a ])etrol engine, the 
whole being carried either on a trailer or on a self-contained 
motor vehicle. It is manifestly quite essential that the pumj) 
can be got into action immediately it arrives at the fire : to 
this end, one or other of the automatic priming systems described 
in § 339 may be effective. 

Salvage pumps have exceptionally rough kind of work to do 
on wrecks, where they are exposed to salt water both inside and 
outside. The set must have lifting slings so that it can be 
lowered into place by a crane. 

For use in oil-fields and in similar circumstances, 
pumping-sets may be sufficiently mobile if they are mounted 
on stiff steel skids. 
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348. Floating Pumping Stations. The type of pump in- 
stalled for fire-fighting in a fire-float will not differ greatly from 
what is used on land : but it will probably be more powerful. 

A suction-dredger is a highly-specialised floating pumping 
plant (^). The dredge-pump may be called upon to handle a 
mixture of water, mud, sand, and broken rock having a den- 
sity up to l*i> : its 4-bladed impeller may be as much as 8 ft. 




diameter (^) driven by a steam-engine of 2400 h.p. Unusually 
resistant construction and material are indispensable, § 147. 

Lift irrigation is sometimes facilitated by mounting the 
pumping plant on a pontoon. If, for instance, the conditions 
shown in Pig. 205 were still more accentuated — if the range 
of river water level were greater, and the slope of the foreshore 
were more gradual — then at low level it w^ould be almost im- 
practicable to reach the water at all by any kiiid of fixed 
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installation. The diagram, Pig. 235, gives an impression of how 
a floating plant would deal with such a situation. On the 
pontoon are two engine-driven pumps that can be connected 
either in series or in parallel, §§ 243, 319 ; erected in the river 
bed are vertical stand-pipes linked by a rising-main. There are 
flanged comiections on the stand-pipes for receiving the coupling 
of the flexible hose which conveys the water from the pumps ; 
the pontoon would be moored close to wliichever stand-pipe 
was rendered most convenient by the state of the river. 

Similar floating plants have been used for lowering the 
level of lakes. In such cases the steel delivery pipe might have 
ball-and-socket joints, and would itself be carried to the shore 
on a series of smaller pontoons or buoys. 

Hydraulic Storage Plants 

349. Conditions of Service. A hydraulic storage plant 
is usually a self-contained system that works in association 
with a distant electric generating station. When the demand 
on the main thermal or hydro-electric station is low, surplus 
energy can be transmitted to the storage plant and there held 
in reserve. At times of peak load on the main station, the 
stored energy is released and is used to augment the output 
of the main station (*). 

Tlie storage plant must consequently embody the following 
elements : (i) a lower collecting basin or reservoir ; (ii) an upper 
collecting basin ; (iii) a pump designed to lift water from the 
lower to the upper basin during storage periods ; (iv) a hy- 
draulic turbine wJiich will transform hydraulic energy as the 
water flows back during generating periods ; (v) a rotary elec- 
trical unit that can act either as motor or as generator, depending 
upon whether it is coupled to the pump or to the turbine. 

The pumps — for in a given installation we shall expect 
more than one machine — operate on the intermittent system 
described in § 241 (ii), the only difference being that here the 
water afterwards flows backwards from the reservoir instead of 
flowing forwards. Constant rotational speed is obligatory, for 
none other than synchronous electrical units are practicable. 
Provided, therefore, that the range in level in the storage basins 
is not excessive, all the conditions are present for the utmost 
efficiency of working. They need to be, too, for the whole 
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system would have no economic justification if transmission 
and conversion losses exceeded reasonable limits. 

350. Types of Storage Pump. Either single-stage or two- 
stage centrifugal pumps may be suitable, set either horizontally 
or vertically. Sectional views of a large horizontal unit were 
reproduced in Fig. 106, § 157, and the manner in which such a 
pump is assembled into a complete machine set is sliown in the 
accompanying Fig. 236. During the pumping or storing part 
of the cycle, the pump is clutched to the motor by a hydro- 
mechanical coupling while the hydraulic turbine revolves idly 
in air ; during the generating period, the turbine is under load 
and the coupling is disengaged so that tlie pump is at rest (^). 

As each pump may deliver something of the order of 5 or 
10 tons per second against a head of perhaps 500 or 1000 ft., 



the machine can be built on a scale giving the promise of 
maximum efficiency, § 225 ; yet the problem of inertia shocks 
in the long delivery jiipe becomes of corresponding gravity. 
One solution of the problem has been described in § 337. 
Anotlier solution-- the one preferred on the continent of Europe 
— was represented in Fig. 105, § 157. Instead of using a single 
control-organ, e.g. a valve, to ])revent return flow when the 
pump stops, a number of pivoted guide-blades are disposed 
around the pump casing. As soon as power is cut off from the 
driving motor, either intentionally or accidentall3^ a suitable 
servo-motor operates the link mechanism seen in the diagram 
and quickly shuts the blades. In this manner, slam -pressures 
are wholly prevented. As for the negative and positive true 
surges, their intensity is relatively low and calls for no special 
counter-measures because of the low velocity in the delivery 
pipes. 
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351. The Pump at Work. It is not witliont significance 
that the concluding chapter of Part D of the book should be 
the shortest. If there seems so little to be said, relatively 
speaking, about running and maintaining the pump (*), that 
is surely a tribute to the simplicity and reliability of roto- 
dynamic pumps in general. In the best conditions, this relia- 
bility is so unfailing that a j)umping-set may be able to run 
continuously, non-stop, for two years or more at a time. 

352. Erection on Site. Some types of pumping set, e.g. 
those mounted on trolleys, § 347, require no erection whatever ; 
at the other extreme are largo low-head sets that must be 
permanently built into the fomxdations of the pump-liouse, 
§ 312. Here we may only consider a typical medium -sized 
direct-coupled electrically-driven outfit, mounted on a cast- 
iron or fabricated bedplate. Points to be noted are : — 

(i) Although wlien received on site the pump and motor may 
already be fitted on the bedplate, it is prudent to regard this 
assembly as provisional only ; the locating pins for the fi^t of 
pump frame and motor frame should not be inserted for both 
units, but for one only. The final drilling and pinning should 
be left until the bedplate has been bolted down. 

(ii) Before levelling up the bedplate on its foundation, both 
pump and motor should preferably be taken off. 

(iii) With the bedplate supported on iron wedges and ac- 
curately levelled, and with the foundation bolts grouted in 
and tightened, the pump and motor can be replaced. The two 
shafts must be checked for alignment and parallelism in the 
usual manner, viz,, by a straight-edge laid across the half- 
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couplings, and distance-pieces inserted between them. For a 
multi-stage pump with balance-disc, the specified axial clear- 
ance between the two half-couplings should prevail when the 
pump shaft is hard up towards the suction end of the pump. 
When all is satisfactory, the remaining steady pins can be put 
in and the bedplate finally grouted up. 

(iv) After the grout has set, and the suction and delivery 
pipes have been bolted up, and the nuts of the foundation bolts 
finally ])ul]ed home, the free running of the two shafts should 
again be verified. 

Vertical installations, e.g. borehole pumps, may require 
special care in assembling. To ensure that the main axis hangs 
truly plumb, the joint face between the base of the motor and 
the top of the water collecting box, § 313, may be of dished or 
spherical form instead of being flat. 

If hot fluids are to pass through the set, the question of 
vertical expansion must be studied, § 139. If, for example, 
a cold-water pump has a steam-turbine as motive unit, the 
turbine shaft should deliberately be set a trifle low, so that 
under working conditions the axis will exactly have risen into 
line with the pump shaft. 

353. Preparations for Running. Before the set can be 
put under load, points to be verified are : — 

(i) See that nothing has been left inside pump or piping, 
e.g. packing material, tools, etc. 

(ii) Flush out the oil-wells of ring-lubricated bearings, and 
fill with a suitable grade of lubricating oil. 

(iii) Pack the main stuffing-boxes. Except in special cir- 
cumstances, §§ 141 to 144, soft cotton packing is best, § 86, 
impregnated with grease or graphite. The rings should break 
joint, and the gland-nuts should only be pulled up finger-tight. 

(iv) If the pump casing and suction pipe, can be filled with 
water, this will give a chance of detecting obvious leaks in the 
system. 

(v) Turn the set by hand to make sure that all is free. 

(vi) Turn the set under its own power for a few revolutions, 
to check that the direction of rotation is correct. An arrow 
cast on the pump casing usually shows the right direction. 

(vii) If the installation includes auxiliary machines, run 
these and check their performance. 
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354. Starting the Pump, (a) Small Set with Hand Priming. 

(i) With the set at rest, close the delivery sluice-valve and 
open the priming cock and the vent cock, § 291. In a multi- 
stage pump the vent-cock on every stage must be opened. 

(ii) Pour water into the priming funnel until excess water is 
seen to come out of the air vent. Turn the shaft slowly by 
hand, to make sure that all air is dislodged from pockets in the 
impeller. Then shut all cocks. 

(iii) Run the pump up to speed without delay. If the 
pressure-gauge shows tjiat the impeller is duly generating 
pressure, gradually open the main delivery sluice-valve, and 
leave it set at the opening that gives the desired discharge or 
pressure. If discharge is controlled by speed-variation, § 242, 
open the valve fully and speed up the set until it is giving its 
specified duty. 

(b) Large Centrifugal Pump with Evacuating Apparatus, (i) 
Shut the delivery sluice-valve, or see that the reflux -valve on 
the delivery side of the jmmp is propt'rly closed, § 292. 

(ii) Set the exhausting apparatus to work, o])en the evacua- 
ting valve on the pump easing, and watcli the gauge-glass, § 294. 

(iii) When the gauge-glass shows that tlie easing is full of 
water, shut the evacuating valve, stop the evacuating pump, 
and start the main pump. 

(iv) Gradually open the main delivery valve. A by-pass 
connection on the main valve will facilitate the charging of the 
delivery pipe, and thereafter, when the pressures on the two 
faces of the main valve are equalised, the main valve can easily 
be opened. 

The reason for letting the flow build up slowly is this : a 
suddenly opened valve admitting a rush of water into a long, 
horizontal, empty delivery pipe would compel the pump to 
yield its maximum discharge against minimum head, possibly 
throwing a momentary overload on the motive unit. Still 
more serious consequences may follow if the valve is set some 
distance away from the pump. Supposing it to be left partially 
open at the time the pump is started, then the displaced air 
escaping past it will be succeeded by a rapidly-moving column 
of water. When this column impinges on the valve face, a 
niost violent and dangerous form of water-hammer will result, 
§ 265. 
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(c) Self-priming Pumps. These call for no special pro- 
cedure beyond the original filling of the casing with water, 
§ 154. 

(d) Propeller Pumps. These should never be controlled by 
a delivery valve, because of the excessive pressure generated 
and the excessive power absorbed at zero discharge, § 213. 
The starting routine is correspondingly simplified. If the 
pump is set below suction level, §§ 327, 328, flow will begin 
immediately after tlie set has picked up speed. 

(c) Re-starting the Pump. When the system has been taken 
into normal oijeration, and the pump is to be restarted after 
a short period of idleness, the starting procedure may be 
simplified. Supposing, for instance, that the small pump, (a) 
above, feeds into a high-level tank, then the entire delivery 
system will already be fully charged ; the pump can thus 
be primed directly by slightly opening the delivcTy valve and 
opening the vent cock. A small-bore by-pass connection will 
make matters still easier. 

If the ])ump has been standing for a long time, it is par- 
ticularly necessary to try to turn it by hand before switching on 
the i)ower. The rotor may have become rusted or silted up, 
and quite a strong eftbrt may be needed to break it loose. 

355. Routine Attention during Running. Until the 
new pump has thoroughly settled down to its work, its behaviour 
should be watched, thus : 

(i) Note tlie pressure-gauge or instrument readings to make 
sure that liquid is steadily flowing through the system, § 295. 

(ii) Feel the glands to guard against oa erheating. The gland 
nuts can gently be tightened if everything is running cool. 

(iii) If a multi-stage pump has a hydraulic balance-disc, 
v^erify that watcT issues freely from the drain, § 124. 

(iv) If there are ring-oiled bearings, open the lids of the oil- 
wells and make sun^ that the rings are revolving. 

At regular intervals tliere are routine duties to be earned 
out : — 

(v) Replenish oil or grease in all bearings. 

(vi) Change charts on automatic recordhig instruments, 
etc., etc. 

(vii) Insert new" packing-rings in the stuffing-boxes, or put 
in completely new" packing. 
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Conditions tliat should not be allowed to occur if at all 
possible include ; — 

(viii) Letting the pump run for a long time against closed 
throttle. The energy continually fed into the liquid will cause 
a steady rise in temperature, resulting eventually in a dangerous 
heating of the pump and its contents, § 206. 

(ix) Letting the pump run continuously without any liquid 
in the casing. This may encourage the stuffing-boxes or other 
components to overheat. 

356. Stopping the Pump. It is this operation which, more 
than any other, may endanger the pump and piping, §§ 263 to 
267, 326 to 337. But the normal routine for a manually- 
controlled centrifugal pumping-set is invariable 

(i) Gradually close the main delivery valve. If tins valve 
has a by-pass, the by-jjass should first be opened, then the main 
valve closed, and finally the by-pass closed. 

(ii) Immediately flow through the pump has ceased, shut 
off power from the motive unit in the normal way and bring 
the set to rest. 

For other types of pumping-set, refer to the respective 
paragra])hs just specified. 

357. Some Possible Faults, (a) OeneraL Imperfections 
in pump behaviour, or failure to deliver liquid at all, can be 
classified thus (it is of course assumed that obvious faults have 
already been corrected, § 180) : — 

(i) Symptoms. Although, after the pump has been run up 
to speed, the pressure-gauge shows that pressure is being 
generated, yet no liquid flows through the piuii]). 

Fault. Speed too low for intended duty. 

Remedy. Increase speed if possible, e.g. by altering size 
of belt pulleys. 

(ii) Symptoms. Pump generates stipulated head, but gives 
insufficient discharge. 

Fault. Speed tcK) low, or pump too small, or suction lift 
excessive. 

Remedy. Increase speed, or change pump, or reduce 
suction lift. 

(iii) Symptoms. Pump generates excessive head or gives 
excessive discharge, thereby overloading motive unit. 

Fault. Speed too high. 
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Remedy. Reduce speed : turn down impeller as in § 181. 

(iv) Symptoms. Pump runs hot or noisily. 

Favlt. Shafts sprung or out of alignment : faulty entrance 
conditions, § 76 : glands too tight : excessive suction lift. 

Refnedy. Correct as indicated. 

358, Some Possible Faults, (b) Due to Suction Conditions. 
More often than not, unreliable running can bo attributed to 
air leaking into the suction system (*), thus : — 

Symptoms. The pump runs normally for a few minutes, and 
then “ loses its water ”, i.e. ceases to deliver : unless the at- 
tendant keeps a careful eye on his gauges, this may happen 
without his knowledge. If the pump has a reflux valve on the 
delivery side, and an oi)en suction pipe, water will gradually 
drain out of the easing and leave the pump running dry, 
§ 355 (ix). 

Cause, (i) Tho level in the suction well has fallen below 
the mouth of the suction pipe and allowed air to enter. 

(ii) Leaks in the joints of the suction pipe admit air to the 
pump. 

(iii) Air may likewise enter through the main stuffing-boxes 
if the packing is not properly maintained. If the glands are 
split, § 86, it is possible for a careless attendant to leave a 
lower half outside the stuffing-box altogether. 

(iv) If the delivery conditions are such that the pump is 
working under siphonic conditions, § 307, the water-sealing 
system for the glands may become inoperative and air will 
seize its chance to get into the pump. 

(v) It may ha})pen that the pump draws from an open tank 
or chamber that is continually replenished by a pipe discharging 
above the surface le\el. Large quantities of air bubbles will 
thereby be entrained, and these can easilj be carried across 
into the pump suction. 

(vi) Even if all water enters the suction (iiamber below 
surface level, eddies and swirls set up as the water flows round 
corners or obstructions may likewise entrain air. 

(vii) An “ air-lock ” may have developed in a faultily 
contrived suction system, § 305. 

Remedies. The respective remedies for tliese various faults 
are fairly obvious. The leakages must be corrected or, in case 
(vi), the mouth of the suction pipe must be more deeply 
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submerged. If the leakage is only slight and, after the loss of 
water has been observed, it is essential to get the pump to work 
again without delay, manifestly the entire suction system must 
be primed anew. An exhausting device may permit this to be 
done without stopping the pump ; but if hand priming is 
necessary it must be carried out with unusual thoroughness, 
after the set has been stopped. Especially with multi-stage 
pumps, it is important to turn the pump slowly by hand and 
to make sure that water issues from the vent-cock of each stage, 
before starting up the set again. 

359. Suction Troubles (continued). Air leaks that nor- 
mally pass unnoticed while the pump is working at full discharge 
may become apparent if the flow is reduced. Although tlie 
normal velocity in the pump passages may be Jiigh enough to 
sweep air bubbles away before they have time to accumulate, 
yet at lower velocities the concentration of air is siiflicient to 
impair the pressure generated, § 236, and thus to stop the flow 
altogether. 

One type of layout enables leaks to be detected very 
easily ; it is that in wJiich the pump delivers into an open 
tank or reservoir visible to the attendant. Air bubbles 
noticeably rising to the surface are a sure sign of potential 
trouble. 

A distinctive symptom of excesdve auction lift — apart from 
those mentioiu'd in § 357 — is sluggishness of the pump in 
responding to variations of speed or of head. Jf the pump is 
free to obey its own characteristic laws, an increase in speed or 
a reduction in total head should cause a substantially greater 
discharge ; but this expectation will not be realised if cavitation 
is in progress, § 245. 

360. Faults Developing after Prolonged Service. In 

course of time we may expect that inevitable wear of the pump 
parts, and possibly other causes, will make it more and more 
difficult for the pump to maintain its original level of perform- 
ance, e.g. : — 

(i) The head and efficiency will decline because of increased 
internal leakage loss and increased frictional resistance, § 258. 

(ii) Although the jmmp may have sliown no unmistakable 
signs of distress, nevertheless cavitation erosion has y)ossibly 
been ceaselessly in action, with very damaging results, § 257. 
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(iii) Air leaks may be accentuated by wear on the shaft 
sleeves, § 81. 

(iv) Another cause of excessive gland leakage may be the 
choking of the water sealing connections, § 85. 

(v) If the pump has a foot-valve and strainer, § 290, the 
effect of allowing the strainer to become choked with rubbish 
will be equivalent to an excessive suction lift. 

(vi) In a multi-stage pump, wear on the balance disc and on 
the adjacent facing may be responsible for an appreciable axial 
displacement of the whole rotating element. As the impellers 
no longer register properly with their respective diffuser rings, 
excessive energy losses due to eddying and turbulence occur in 
these regions. 

(vii) Undue play in the main bearings may have developed. 

361. Repairs and Renewals. Here are some considera- 
tions that may come up for study when trying to decide when 
the worn pump must be repaired or replaced : — 

(i) The conditions of constant dead head and constant speed, 
§ 240, allow least latitude. Especially if the head-discharge 
characteristic is flat, quite a small amount of wear will pull the 
characteristic down sufficiently, Fig. 185, to reduce the discharge 
quite seriously. Before very much longer, the pump might 
cease to deliver altogether. There is no question of deferring 
repairs here. 

(ii) If tjie pump speed is variable, and if the motive unit has 
a sufficient reserve of power, the pump can be forced to keep 
up to its work by progressively raising the speed. But this 
does nothing to check the excessive power input the pump 
demands. 

(iii) While in course of time the pump is getting worse, we 
have to remember that the motive unit is not getting any better. 
An oil engine, for instance, might lose its capacity even more 
rapidly than the pump ; and there may be a definite limit to 
these concurrent tendencies. 

(iv) In high-grade installations fully equipped with instru- 
ments, § 295, it is possible to work out accurately how much 
the decline in pump efficiency is costing, and to balance this 
against the cost of renewals, § 298. 

(v) If the conditions of service allow the pump to stand idle 
at stated intervals, naturally the maintenance staff will take 
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advantage of these periods to examine the installation, even 
though tlie pump shows no manifest sign of deterioration. 

(vi) A group of constant-speed pumps working in parallel 
should not be reconditioned piecemeal. If half-measures are 
tried — ^if one pump is repaired and the otliers left as they are — 
the result may be that the favoured pump will have to do a 
disproportionate share of the work, wliile the worn pumps do 
even less than they did before, § 243 (ii). In extreme cases, 
some of the liquid pumped by the repaired unit may run back- 
wards through the remaining units. 

362. Reconditioning the Pump. Possibilities of improve- 
ment have been foreshadowed in §§ 259, 3()(). If the pump has 
been suitably designed, parts that can advantageously be re- 
placed are : — 

Wearing rings on rotor or in casing. 

Shaft sleeves. 

Glands and neck-bushes. 

Balance-disc or its facing. 

Eroded metal in the casing or on the rotor may be built up 
again by welding. If the rotor shows signs of material damage, 
it is worth while studying the question of fitting a new rotor, 
which may be better suited to existing service conditions than 
the original one. Possibly since the set was first installed, the 
ruling head or discharge demanded of the pump may have 
altered, and a redesigned rotor might thus be a very economical 
purchase. 
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ILLUSTRATIVE EXAMPLES 


EXAMPLE 1 . 

To calculate the ideal energy gain, blade angles, etc., for a given 
centrifugal pump, § 13. 


Data : — 

Dimonsiojis and velocities are tliose used in Figs. 4, 5 (iii), 7, 8, 
and 9 (6), viz. : — 

— inner diameter of impeller 

— outer dianu'ter of impeller 

— width at iimer rim 


- 1 ft. 

-- 2 ft. 

- 0-2 ft. 

= 0*1 ft. 

- 15 ft. /sec. 
-- 30 ft. /sec. 


^2 = width at outer rim 
-= inner rim speed 
— outer rim speed 
Y — radial flow component (con- 
stant) = 8 ft. /sec. 

= outlet tangential velocity 

component or velocity of whirl = 20 ft. /sec. 


Method : — 

From equation (1-2), 

E ~ energy input — 


_ 20 X 30 

g 


Energy wasted — — 


32*2 
J Fo2 


- 18*6 ft. lb. /lb. 
82 -t 202 


64*4 


- 7*2 ft. Ib./lb. 


ig 2<7 

TJierefore nsefvl energy given to water = 18*6 — 7*2 — lh4ft. 
This value 11*4 represents either the energy in foot-pounds 
received by ea(‘h pound of water, or the ideal height H through 
which th(' water is lifted, Fig. 8. 


Outlet blade angle y 
Inlet blade angle ^ 


tan 


— tan ^ 


8 


^;2 - V , 30 

= 38*6^ 

— tan“^ Yil^i -= tan“i 8/15 

- 28 °. 


20 


if the blades are shaped accordingly, the water will slide smoothly 
on to them at inlet, and will receive from them the stipulated energy 
increment. 

Discharge q = nd^b^Y^ = 3*14 x 2 X 0*1 X 8 = 5 cu. ft. /sec. 

427 



ROTODYNAMIC PUMPS 


Weight per second W = qw = 6 X 62*4 = 313 lb. /sec. 


Useful power output 


Power input = 


WE 

K 


WH 

K 

313 X 18-6 
550 


313 X 11-4 


550 


= 6-49 h.p. 


= 10*56 h.p. 


Idexil efficiency of impeller = 6*49/10*56 == 0*61. 

7? * ** 1 ^ -KT 60 X V2 60 X 30 

Rotational speed = N = 1 ^ = 287 r.p.m, 

^ ird^ 3*14 X 2 ^ 


EXAMPLE 2. 

To estimate the pressure distribution in a revolving impeller, and 
thereby to deduce the energy given to the water, § zo. 

Data : — 

The impeller has the same size and speed as in Example 1 above ; 
but it now has twelve radial blades instead of curved blades, Fig. 13. 

Method : — 

Angular velocity = ^ 2/^2 = 30/1 = 30 rad. /sec. 

. 2rrN 6*28 X 287 _ , , , 

(or w = = — = 30 rad./sec.) 

Tangential acceleration ol — 2Yw (from equation 2-1) 

= 2 X 8 X 30 -= 480 ft./sec./sec. 

{Note that ovon in this slow -speed, low -head machine, the tangential 
acceleration is already fifteen times as great as the acceleration of gravity.) 

Difference of pressure-head due to forced vortex flow : — 

This can be found from the expression : — 

(see Fig. 13.) 

Differential pressure-head across blade : — 

From equation (2-2), when r = 1 (at outer rim) 

1 8 X (3*14)2 1 X 8 X 287 

~ 32-2 ^ 60 ■ 12 

= 7*8 ft. head. 

Similarly when r = 0*5 (at inner rim), h^ = 3*9 head. 

Dynamic thrust on blade ~ P ^ — I w .h^ .b . dr. 

But in this instance, h^ = 7*8 r (from above), and b = 0*1 /r 
(since Y is constant). 

ff == 1 

Therefore P^ = |62*4 x 7 *Sr x 0*1 /r x dr, 

Jr- 0-5 

= 24*3 lb. per blade. 
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2-4 


rr-l 

Torque on blade ~ T — \w .h , dr , 

Jr =0*5 

= 18‘2 ft. lb. per blade. 

Work done per second in imparting torque to 12 blades 
= Tain = 18*2 X 30 X 12 = 6550 ft. Ib./seo. 

Energy imparted to water per second 

W ( y. V \ equation (1*2), modified to take into 

— y V 2 V 2 — ViVij account whirl velocity at entry), 

(30 X 30 - 15 X 15) 


W/ 

g 

313- 


32*2 


— 6550 ft. lb. I sec. 


The two values agree, as they ought to do in these ideal circum- 
stances. 


EXAMPLE 3. 

To estimate the average loading on an ideal impeller blade, § 26 . 

Data : — 

As ill Example 1 and Fig. 8. 

Method : — 

ai = projected area of blade — 0*14 X 0-5 = 0*07 sq. ft. 
rg = radius of C.O. of projected area = 0*73 ft. 

tangential component of dynamic thrust per blade, 

__ Input power X 10-56 X 550 lu 

”■ n.rg.w "" 8 X 0-73 X 30 “ 

Average differential pressure Ejof = 33/0-07 

- 475 Ib./sq. ft. — 3-3 Ib./sq. in. 
Average differential pressure-head - h^ 475/62-4 

- 7^6 ft. 

Relative blade loading c — h^jH 

- 7-6/11-4 

- 0 73. 

(The difference in the shape and number of blades accounts for the differ- 
ence in dynamic thrust recorded in Examples 2 and 3.) 

EXAMPLE 4. 

To compute energy loss, and recovery of pressure-head, in simple 
straight-line recuperators, § 43 . 

Data : — 

Referring to Fig. 25, let 

dj = inlet diameter — 6 in. 
dg = outlet diameter = 12 in. 

Vi = inlet velocity == 20 ft. /sec. 

Vg = outlet velocity = 5 ft. /sec. 

429 



ROTODYNAMIC PUMPS 


Method : — 

(a) k^udden enlargement. 

The usual expression for energy loss is : 


hi ~ 


„ (15)^ 


3-50 ft. lb. /lb. 


2g 64-4 
Recuperation of pressure-head — hg 

41 2 97 ^ 


0-39 


Efficiency of conversion — 


regain of head 


2-:]:] ft. 

ha 


velocity energy input v^^j2g 


2*83 

6-22 


0 37. 


(d) Gradual or conical enlargement. 

Minimum energy lof^s occurs with the gradual taper shown in 
Fig. 25 (6), and it has the approximate value : — 

h. - 0-14 = 0-49 ft. Ib./lb. 

' -ig 

Recuperation of pressure-head — 6*22 — 049 -- 0-39 

- 5-34 h. 

5*34 

Efficiency of conversion — = 0'86. 


EXAMPLE 5 . 

To estimate the ideal regain of pressure-head in a vortex chamber or 
whirlpool chamber, § 43. 

Data : — 

Inner diameter 2 ft. \ 

Outer diameter — 4 ft. ! as in Fig. 20. 

Axial width (uniform) - 0*1 ft.) 

Water enters the inner periphery of the chamber with the velocity 
components with w^hich it leaves the impeller in Fig. 8, viz., velocity 
of flow", Fg ” ^ ft. /sec., velocity of whirl, V 2 ~ -0 ft. /sec. 

Method : — 

Radial velocity component at chamber outlet — 4 ft. /sec. 
Therefore ideal recuperation of pressure-head due to fall in 

radial velocity, § 8, = ^ ^ = 0-75 ft. 

Tangential component at outlet = 10 ft. /sec., because of the free 
vortex relationship Ff “ constant. 
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5-6 


Ideal recuperation of pressure-head due to fall in tangential 
velocity 

202 102 




Qt 


64-4 64-4 


4-66 ft. 


Ideal gross gain in pressure head — hg^ + hgi — 0-75 + 4*66 

^5‘41ft. 


EXAMPLE 6. 

To plot ideal shape of volute casing, on the assumption that free vortex 
flow prevails in it, §§ 46, 88. 

Data : — 

As in Fig. 8, viz., whirl velocity component of w^ater leaving 
impeller 20 ft. /see. Discharge = 5 eu. ft. /sec. 

Method : — 


First com])ute the volute diameter at the sections (1), (2) and 
(2), Fig. 28, on the original basis of uniform velocity distiibution, 
§ 4i), thus : — 


Sod ion. 

Di'icharge Past 
Section. 

Ml an Velocity. 

Cross-sectional 

Area. 

Diameter. 


( 111 ), tt./soc*. 

ft. /sec. 

sq. ft. 

ft. 

(1) 

1-25 

20 

0-{)62r> 

0-2S 

(2) 

2-5 

20 

0-125 

0-40 

(3) 

3-75 

20 

0-187 

0'49 

(4) 

5-0 

20 

0-25 

0-56 


Nexl apply the correction for free vortex flow thus : — 

If d ^ diameter of a curv(‘d circular passage, 

“ inner radius of curvature, 

— meav tangential velocity in passage - discharge/area, 

F3 actual tang(‘iitial velocity at imier radius (sec diagram (i) 
overleaf), 
m — ratio V^jv^. 


Then it (*an be shown that the ratio m 


' has the value 


— T02 -} 0*43 ^ (approx.). 


Inserting in this expression the figures just obtained, we find that at 
the respective cross-sections the values of m are nsspectively : (1) 
1*13 ; (2) 1*19 ; (3) T23 ; (4) 1*26. This means that at section (2), 
for instanc(^ w\ater leaving the impeller with a w'hirl component <>f 
20 ft. /sec would find itself in a stream of liquid moving round the 
casing with a velocity of 20 X 1*19 =- 23*8 ft. /sec. But to ensure 
minimum energy loss these two velocities should be equal, viz., 
F2 = F3, in just the same way that a passenger alighting from a 
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moving vehicle knows that for a few moments he should run along- 
side the vehicle without change of speed. 

It is true that the correction could be made by enlarging the area 
of the volute at the selected section, but a quicker method is as 
follows ; Let us keep the same area, but move the section to a point 
on the volute at which the discharge and therefore the velocities have 
been reduced in the desired ratio. 

If 6 is the angular position of the section in relation to the zero 
point or origin of the volute, diagram (ii), and d' is the corrected or 

0 

new position of the section, then clearly O'— because the dis- 
charge flowing past any section is directly proportional to 6, In- 
stead, therefore, of spacing the sections at angles respectively of 90^, 
180°, 270° and 360°, as in Fig 28, we must swing the sections back- 
wards until the angles are respectively 80°, 152°, 220° and 286°, as 
in diagram (ii). 



Although the resulting increase in diameter at a given angular 
position may appear to be inconsiderable, yet the corr(‘sponding 
advantage in respect of reduced frictional loss is well worth having : 
for this loss varies inversely as the fifth power of the diameter. It 
is for this reason that the casing may profitably be enlarged even 
more than the foregoing method of correction indicates, § 88. 


EXAMPLE 7 . 

To compute the specific speed of a pump, and to describe its shape and 
performance in non-dimensional terms, § 59. 


Data : — 

The same figures as in Example 1 will be used, except that now 
the effect of the recuperator can be taken into account. The total 
head generated by the pump may therefore be taken eis H ~ 15-6 ft. 


Method : — 

Width ratio 

SpeH?d ratio 


A -- bjd^ = (0-1 )/2 -- 0 05, 

^ 'V2gH 8-03Vi6^ 
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7-8 


Flow ratio 


'i> = 

V2gH 31-7 


Shape number n, = 950<l>‘s/x^. 

= 950 X 0-95 VO-OO X 0-25 = 101. 


Alternatively 


1000n\/Q 

(gH)* 


1000 X 

oO 

^2irxT5S)f’ 


The value of (32*2 x 15-6)* = (502)* can be found on the slide 
rule thus : — 

V5^ X = 22-4 X 

Inserting in the general expression, wc‘ find Ug — 101. 

To compute the specific speed, we find Q in gallons per minute 
~ 5 X 374 — 1870 gall. /min. 

Nominal specific spewed -- = _ 287Vl87^ 

n' Vi5-6 X 
1580 

True specific speed N ^ — 0*0174 N = 27*5 (foot). 

These values can rapidly be read off from the chart facing p. 480. 

gu 


Characteristic head number he — 


32*2 X 15*0 


4*782 X 22 


Characteristic discharge number = 


5 


4*78x8 


550. 
013. 


EXAMPLE 8. 

To choose a suitable type of pump for a specified duty, § 64. 

Data : — 

(a) Liquid : cold water. 

Discharge ; 300 gall /min. 

Head ; 65 ft. 

Method : — 

A centrifugal pump is clearly indicated. From Fig. 52, a shape 
number of about 100 might be suitable. When cold water is con- 
cerned, the formula for shape number can be put in the form : — 

^ ^ Speed in r.p.m.V gallons per minute 

* (head in feet)* 

from which N ~ speed of pump = 2050 r.p.m, 

(b) If the pump were to be dire(‘t-coupled to a motor running at 
1450 r.p.m., could a centrifugal pump still be used ? 
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Inserting appropriate values in the expression for shape number, 
we find : — 


w, = 0 064 . 


1450V'300 

(66)* 


which is quite a suitable figure. 

Again the calculations can be much simplified by the chart 
facing p. 480. 


EXAMPLE 9. 

To select a suitable type and speed for a low-lift pump, § 64 . 


Data : — 

Discharge — 3 cu. m /sec. 

Head — 2-4 m. 

Method : — 

An axial-flow pump could provi'^ioiially b(' chosen, having a 
shape number of about 600. The 8pe(‘d can be tound from the stand- 
ard shape number formula, thus : — 


600 - -T. 


60 


a/2-4 

, from which N — about 300 


(9-8 X 3)i 

If a screw pump of shape number 350 w(‘ro prefc'iTed, it would have 
to run at 175 r.p.rn. 


EXAMPLE 10. 


To estimate the unbalanced thrust on a side-inlet impeller, § 74 . 


Data : — 


Method : — 


Head 

Outer impeller diameter 
Inner diameter 
Shaft diametcT 
Rim speed 

Axial velocity of flov 


-- 130 ft. 

15 m. 

- 7 in. 

If in. 

- 90 It /sec. 

- 15 ft /s(^c. 


The values to be inserted in equation (7-1) an^ : — 
w = 62*4 Ib./cu. ft. ; H 130 ft. ; — 0*625 ft. ; 0*292 ft. ; 

Vq — 0*073 ft., giving the result : — 

Pa ~ unbalanced vstatic thrust - 1605 lb. 

In estimating the dynamic thrust by the formula of § 75 (h), we 
use the values 


F - 15 ft. /sec., 

and W = 3*14 (0*2922 ^ 0*0732) x 15 x 62*4 
== 236 lb. /sec. 

Hence ^ X 16 = 110 lb. 
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Siiioo th(* djTianiic* thrust acts in the opposite direction to the 
static thrust, the net iinbalanc(Ki axial ihrust = 1605 — 110 — about 
1500 Ih, 

l^his is quite an appreciable amount, especially as the shaft 
speed will be about 1400 r.p.m. It will be noted that the dynamic 
thrust is trivial in comparison with the static thrust. 


EXAMPLE 11. 

To estimate the leakage loss in a side-inlet centrifugal pump, § 83 , 
Data : — 

Impel 1(U- as in Example 10. 

Axial length of leakage passage — | in. 

Radial width of leakage passage (assumed uniform and parallel) 
= 0*02 in. 

Value of eoefficient - 0*01. 

Method : — 

Ac(*()rding to § 82, difft^rence of pressure-head creating leakage 
Ilow is rej)resente(l by 



-- 105 ft. 


Also Hi — ciiergy loss «s water flows through leakage space 


, 2 X 001 X 0-625 , - 

0-^) + h 1 


(0-5 


om 

644 ' 


0-625 f 1) . 


X 


Equating tlu' two valiums of Z/j, w<' find 
Vi velocity of flo^c through leakage space — 56-5 ft. /sec. 

(It is significajil that of the three items that constitute the 
hydraulic resistance' of the passage, § 82, tlie frictional loss hf is not 
the preponderant one. If it were neglected altogether, the estimated 
value of tht' leakage velocity would be incrc'ased by less than 20 per 
cent.) 

Leakage area -- 6*28 X 0-202 x (0-02)/12 — 0-00305 sq. ft. 

Therefore leakage flow ~ 56-5 X 0-00305 -- 017 cu. ft. /sec. 

Total flow through impeller — 236/62-4— 3-78 cu. ft. /sec. 


nierefore pei'centage leakage loss 


0-17 

3-78 


X 100 — 4-5 ‘per cent. 


To find the valui' of the coefficient of discharge in the ex- 
pression in § 83, we have : — 

0-17 -= (7^ X (0-00305) X 8-03 X 10-2, 
from which — 0-68. 
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EXAMPLE 12 . 

To establish the main dimensions of a split-casing centrifugal pump, 

§§ 90 to 94. 

Data : — 

Effective head = 60 ft. 

Discharge = 400 gall. /min. 

Speed — 1450 r.p.m. 

Method : — 

(i) First check the specific speed. From the chart facing 
p. 480, we find that this is 23 (foot), which is quite per- 
missible. The corresponding shape number ~ 23/0*273 = 
84. According to Fig. 52, this value is well within safe 
limits. 


(ii) Discharge in cubic feet per second == 400/374 = 1*07. 

^ „ 1*07 X 62*3 X 60 ^ 

(in) Output pouter ---- ^ 1 '6. 


550 


53). 


(iv) Gross efficiency — about 73 per cent, (from Fig. 

(v) Power input — P, — Py^l0‘7tl ~ 10. 

(vi) Impeller dimensions. From Fig. 54, read off values for 
double-inlet impellers corresponding to speed number 
Ug = 84, viz. : — 


Speed ratio —1*00. 
Diameter ratio — 0*45. 
Width ratio = 0*085, 


Now Vg = outer rim speed 2gHg 
TrdoN 


from w*hi(;h 1*00 x 8*03y'60 — 


3 *14 X dg X 1450 
60 


Thus dg — outer diameter = O' 82 ft. 

62 — outer width — Adg =- 0*085 x 0*82 ~ 0'07ft. 
di — inner diameter = dg X diameter ratio 

= 0*82 X 0*45 = 0'37 ft. 
h — iimer width = 0*07 /0*45 == 0'155 ft. 

(vii) Impeller blades. Number n may be taken as 7. Thickness 
t may be taken as 4 mm. 

From the expression ^ ^ Ihe value of the 


hydraulic efficiency 
From the expression 


1 — 

71, - 0*87. 


'nh 


g 


or 


60 = 0*87 . 


Vn X 62*1 
32*2 ’ 


find the value of the true outlet whirl component 
= 357 ft.lsec. 
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From the expression Vqo = find 

Fqo = ideal whirl component ~ 51*0 ft. /sec. 

From Fig. 54, estimate the value of ihjei flow ratio 
0 = YjV2^, = 0-105, 
from which : — 

Fg = radial flow component = 6*52 ft. /sec. 
From the expression cot y == ^ ~ — a’ko > 

X 2 0*0^ 

y = outlet blade angle — 30° 23^ 

6*52 

From the expression tan jS = or find 

= inlet blade angle =13° 8'. 

(viii) Correction to impeller width. In order to allow a margin for 
wear, the leakage loss qi may be taken as 10 per cent, of 
the net flow Q. By the method of § 04, it is found that : — 

Corrected inlet width = 0-26 ft. 

Corrected outlet width = 0*083 ft. 

Ah the inlet angle p appears to be rather small, it might 
bo desirable to increase it slightly and reduce the inlet 
width to correspond. 

(ix) Casing dimensions. In the volute, the mean velocity 
may be taken as J of the true whirl component of the water 
leaving the impeller, viz. 

== 0*67 X 35*7, 

= 23*8 ft./sec. 

By the method of Example 6, the respective volute diam- 
eters at sections spaced respectively 90, 180, 270, and 
360 from the origin are found to be 0*12 ft., 017 ft., 0*21 ft., 
and 0*24 ft. There is of course no need to apply the cor- 
rection for free vortex flow, because this has already been 
done in a crude fashion by takiiig as f of F„. 

In the inlet and outlet branches, the mean velocity may provision- 
ally be equated to the velocity of flow in the impeller, viz., 6*52 
ft./sec. This corresponds to a diameter of 0*46 ft. or 5J in. To 
conform with the usual practice of making the suction branch bigger 
than the delivery branch, we may choose the nearest standard size 
thus : — 

Either : Suction 5 in., Delivery 4 in. 
or : Suction 6 in.. Delivery 5 in. 

The smaller size gives a better rate of taper in the conical outlet 
branch connecting the volute outlet to the actual delivery branch. 
The general proportions of this pump are shown in Fig. 58. 
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EXAMPLE 13. 

To estimate the main dimensions of a screw-pump, § io6. 

Data : — 

Effective head = 22 ft. 

Discharge — 6500 gall. /min. 

Speed : as required. 

Method : — 

(i) Speed. As there are no restrictions on the value of the shape 
number, it can arbitrarily be given any reasonable value — 
say 350. Inserting known values in the proper formula, as 
in Example 8, or by the use of the graphs, we find 

N — rotational speed — 692 r.p.m. 

The nearest romid number would be 700 r p.m., but if it were 
d('sired to couple the pump directly to an A.C. electric motor, 
then a speed of 730 would be equally satisfactory. For 
present purposes the value N — 700 r.p.m. may be accepted ; 
it corresponds to a shape numb(T of r? , 354 

.... p , p , , 6^)00 V 10 X 22 

(ii) Power, etc. =- power output 

= 43-3 h p. 

The value of the gross efficiency may be taken as - 0*82, 
from w'hich P^ — power input = 43-3/0*82 - 53-0 h.p. 

(iii) Rotor proportions. The speed ratio at inlet can b(" taken as 
^ — 1-25 ; and since =- 475<f>Vi/j, we find 0 (nominal) 
=- 0-355. 

Now Q -- 6500/374 -- 17-4 cu. ft./sec., and 

V2gH, 

from which d^ — inlet diameter — 1-285 ft. 

Taking rf 27 nMi ~ 105, then d,,^^ =- 1-350 ft. 

Taking A =- 0-27, then 5“^ - 0-27 x 1-350 -- 0*365 ft. 
Taking d^ald^h — 0-8, then doj, — 1*50 ft., and 

dl^ - 1-20 ft. 

On sketching the rotor outline, and scaling off remaining 
values, it appears that : — 

== 0-45 ft., -- 0-82 ft., \ 0-30 ft. 

The mean meridional velocity at inlet == 

17-4 

= .T-n ^^'0 ft./sec. 

3-14 X 0-82 X 0-45 ' 

Similarly, mean meridional velocity at outlet — 

ft./sec. With this information, the blades may now be 

set out. 

(iv) Casing. The diameter of the inlet branch is fixed by that of 
the rotor, viz., 1-285 ft. = 15 J in. The nearest whole 
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number is 16 in. In these pumps the delivery branch is 
often made greater than the suction branch. In this in- 
stance a convenient figure is 18 in. diameter. The corre- 
sponding outlet velocity is 10 ft. /sec., which tallies well 
enough witli the mean outlet whirl velocity component 
Vn = lb-3 ft. /sec. ; the opportunities for recuperation 
would bo quite favourable. 

If Fig. 64 were regarded as drawn to a scale of 1/20, it 
would give a fair representation of this pump. 

EXAMPLE 14 . 

To estimate the main dimensions of a propeller pump, § 109. 

Data : — 

Effective head — 3*8 m. 

Discharge — 1250 lit. /sec. 

SpcH^d 500 r.p.m. 

Method : — 

(i) Check the value of the shape number. It works out as 619, 
which is permissible. 

(ii) Assuming a gross efficiency of ri^ — 0-83, we find that 

-- output power 
63*3 h.p., and 

P, - input power = 76*3 h.p. 

(iii) Assuming the values <j) ~ speed ratio = 2*2, 

and da/d^ = 0*55, 

ue use the expression 619 — 475 X 2*2\/^\/l — (0*55)^ 
to find ip -- flow' ratio 

— 0*50, which is permissible. 

(iv) Since ^ <pV2gII^ = ^ , we find 

df, — outer diameter of rotor = 0*726 in., and 
da “ 0*55 d^ = 0*40 m. = iimer diameter. 

Thus Vgj, == outer rim speed -= 19*0 m./sec. 

Vga — inner rim speed — 10*4 m./sec. 

Ya, ~ velocity of flow — 4-33 m./sec. 

(v) B(^cause of the uncertainty in assessing the value of the ratio 
F„/Foo, 1^ s^ffi^t^ here to give ideal values of the blade 
angles, thus : — 

If ~ hydraulic efficiency = 0*88, then 

— w'hirl component at outer rim = 2*22 m./sec., and 
Vila ^'hirl component at inner rim = 4*05 m./sec. 

Also tan — Ya/Vf, = 4-33/19-0 = 0-228, from w'hich 

jg “ inlet blade angle at outer radius = 12"^ 50'. 
Similarly tan =- YJ(vj, - Fgi,) = 4*33/(19*00 - 2*22) 

== 0*258 
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from which = outlet blade angle at outer radius 
= 14^28'. 

In turn, = inlet blade angle at iimer radius == 22°32', 
ya = outlet blade angle at inner radius = 34°8'. 
The true values of and y^ would probably be rather 
greater than the ideal ones just given. If it is preferred to 
estimate the angles graphically, the typical shape of velocity 
diagrams is shown in Fig. 23 (i). 

(vi) Axial hydraulic thrust. The crude methods of §§ 26 and 37 
provide quite a useful estimate of the value of the gross 
axial thrust on the rotor blades, thus : — 

Gross power input to pump == P, — 76-3 h.p. 

CJorresponding energy per sec. — 76*3 X 75 — 

5720 kg. m./sec. 

Mean blade radius = r^, (Fig. 23 (ii) ) = 0*282 m. 

Mean blade tangential velocity = 14*7 m./sec. 

If Pi — gross tangential thrust on all blades, then energy 
per sec. = 5720 = X 14*7, from which P< == 390 kg. 
Mean blade angle = mean of y^ y*, = 21° = 

tan-i (PtIPa)- 
390 

Therefore P. = total axial thrust = , = 1015 kg. 

tan 21 ® 

(say) = rather more than 1 ton. 

If the pump were set vertically, the gross load to be carried 
by the thrust bearing would naturally be the sum of 
and the weight of the rotating element (rotor, shaft, etc.). 

(vii) Recuperator. 

Finally, tan 8^ = 4*33/2*22 = 1*95, from which guide blade 
angle at outer radius = 63° 

and tan = 4*33/4*05 — 1*07, from which guide blade 
angle at inner radius — 47°. 


EXAMPLE 15. 

To estimate the main dimensions of a multi-stage centrifugal pump, 
§ «5- 

Data : — 

Purjiose : Boiler-feed pump. 

Pressure difference to be generated — 520 Ib./sq. in. 
Discharge = 280,000 lb. /hour. 

Speed — 2900 r.p.m. 

Water temperature = 250° F. 

Method : — 

(i) The data must first be put into standardised form, thus : — 
w == density of water at 250° F. = 58*8 Ib./cu. ft. 
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(ii) 


(iii) 


(iv) 


(v) 


Effective head — 
Discharge Q = 


520 X 144 
58-8 
280000 


1274 ft. 


1*322 cu. ft./sec. 


3600 X 58*8 

Choosing a provisional value for the impeller shape number 
of 60, and inserting this value in the formula of § 125, we 
find that 

m = number of stages = 4*54. 

The actual number will therefore be either 4 or 5. A 4-stage 
pump would be cheaper, but a 5-stage pump would be more 
efficient. The latter may be accepted, viz., m = 5. 

It follows that = head per stage = 1274/5 = 255 ft. 

Ug — actual shape number = 65. 

^ ^ . 1‘‘^22 X 58*8 X 255 ^ 

Power output per stage = = 36*1. 

From Fig. 53, corresponding gross efficiency — 0*78. 
Efficiency of multi-stage pump can thus be assessed at 
0*78 - 0*04 = 0*74. 


Power input to pump P, — 


5 X 36*1 
0*74 


== 244 h.p. 


From Fig. 54, value of sptH'd ratio ^ is 0*95. 

3*14 X (f, X 2900 


Vjj = 0-95V'64-4 X 255 


60 


Since 


we find dg = impeller diameter — 0*80 ft. Other impeller 
details are established as in §§ 90 to 95. As — true outlet 
whirl component = about 77 ft./sec., and 8 = diffuser blade 
angle = tan“^ ( we find 8 — 8^^ ideally, or about 10° 
actually. 

Outside diameter of diffuser discs = ^3 = 1*6 X 0*8 = 1*28 
ft. (about). 

Axial pitch of impellers — 0*4 x 0*8 - 0*32 ft. (about). 
If Fig. 82 were regarded as a drawing to a scale of it 


would give a rough impression of the size and proportions of 
this pump. 


EXAMPLE 16 . 

To assess the inter-stage leakage in a multi-stage pump, § 120. 

Data : — 

Pump as Example 15. 

Impeller boss diameter — 0*22 ft. 

Radial clearance between boss and neck-bush = 0*015 in. 
Method : — 

By studying a sectional diagram such as Fig. 84, it will be seen 
that the pressure-difference creating leakage flow is made up of two 
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items : (i) the centrifugal or forced- vortex pressure-head in the space 
between the impeller shroud and the fixed diaphragm of the diffuser 
disc, (ii) the net recuperation of pressure-head in the diffuser and 
return passages. According to the method of § 74, we find that the 
first item, denoted hy has the value 




( 122 / 2 ) 2 / / 0 - 22 \ 2 \ 

64-4 V \ 0*8 / y 


53 ft. 


For a pump of low-specific speed, the second item, hg, will amount to 
about 0*25 X where is the head per stage. In this ease, 
therefore, hg ~ 0-25 X 255 — 63 ft. 

If H' represents the head at the outlet of the impeller shown in 
section in Fig. 84, and the annular clearance under discussion is the 
one between the boas of this impeller and th(' ne('k-bush of the dif- 
fuser disc, then at the left-hand end of the clearance the head is 


H* — Hf., and at the right-hand end the head is H' -f uet 

head difference is thus 53 H 63 — 116 ft. 


The method of § 83 will yield the volumetric leakage flow, thus : — 
= coefficient of discharge = about 0*65, 

Hi = head difference = 116 ft., 

qi = Ca{7Tdfii)V^i, 

= 0-66 (3-14 X 0-22 X ^-2 XllO, 

= 0048 cu. ft, I sec. 


This amounts to 3-6 per cent, of the main flow Q. 

(Note , — If the impellers had been set back-to-back, as in the two-stage 
pump in Fig. 78, then the liead-differonoe creating leakage flow would be 
exactly equal to the head per stage and qi would have the value 5*3 per 
cent, of Q. 

In the 6-stage split -casing pump shown in Fig. 81, § 120, the lioad-difference 
in tho first four cloaranco -spaces amomits tK> + 1/^1 hg — 371 ft. Thus 
qi — 6-5 per cent, of Q. 

In estimating the power loss associated with iuter-stago leakage. Example 
20, it is to be remembered that tho tot«il number of annular leakage areas is 
one less than the number of stages, viz. : number of anniilar spaces - m ~ 1.) 


EXAMPLE 17 . 

To estimate the leakage loss in the hydraulic balancing system of a 
multi-stage pump, § 124. 

Data : — 

Pump as in Example 15. 

Shaft sleeve diameter or impeller boss diameter = 0*22 ft. 
Radial clearance between boss and neck-bush = 0-010 in. 
Diameter of balance disc = 0-5 ft. 

Method : — 

By the method of Example 10, or § 74, it will be found that the 
unbalanced axial thrust on each impeller is about 1300 lb. Since 
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thoro are five impellers, the gross thrust to be resisted by the 
balanee disc amounts to 5 x 1300 ^ 6500 lb. 

1'he available water pressure acting on the balance disc is whi^. 
Fig. 87. 

The available area of the disc is ( 7 r/ 4 )( 0-52 ~ 0*222) _ 0*157 sq. ft. 
The density of the water is 58*8 Ib./cu. ft. 

Since Pg == whi^ X 0*157, it follows that 
h,a = 703 ft. 

Now hir — head-drop in annular clearance = 

— 1255 (assumed) — 703 = 552ft. 

Finally, the volumetric leakage loss is found by the method of 
Example 16, viz. : — 

g-j = 0-65 X (:M4 X 0-22 X X 8-03 X ^/E22 

— 0*070 cu. ft. /sec. 

This quite appreciable lf)ss, which amounts to 5*3 per cent, of 
the flow through the pump, might be reduced by cutting down the 
radial clearance between impeller boss and neckbush, Fig. 86. 
Only experienced design and workmanship will permit this to be 
done safely 

EXAMPLE 18 . 

To assess the performance of a centrifugal pump forcing cold water 
through a pipe system, § 163. 

Bata : — 

The system is g(m orally as shown in Fig. 109. Details are : — 


Total static lift ...... 46*4 ft. 

Static suction lift ...... 6*7 ft. 

Discharge ....... 1320 gall. /min. 

PowiT input . . . . . . . 30*5 h.p. 

Total length of suction pipe .... 28 ft. 

Diameter of suction pipe and suction branches . 10 in. 

'fotal length of delivery pipe .... 156 ft. 

Diamet(T of delivery pipe and delivery branches . 8 in. 


Method : — 

(i) V(^lo(‘ity heads may be computed thus : — 

q - discharge — 1320/374 = 3*53 cu. ft. /sec. 
x\ -= velocity in suction pipe — qia “ 6*48 ft. /sec. 
h^^ — Vs^l2g — velocity head in suction pipe ~ 0*65 ft. 

Va -= velocity in delivery pipe — 10*1 ft. /sec. 

I^od ~~ “= velocity head in delivery pipe ~ 1*59 ft. 

(ii) Individual energy losses can now be assessed : — 

— inlet loss in foot- valve, § 290, 2 x h^^ — 1*30 ft. 

— friction loss in suction pipe — . 
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A reasonable value for the pipe coefficient is 0‘006, 

, , 4 X 0*006 X 28 

whence X 0-65 == 0*52 ft. 

= eddy or secondary loss in suction pipe due to 2 bends 
= 2 X 0*25 X K, = 0*32 ft. 

^fd 


■ friction loss in delivery pipe = 

4 X 0*006 X 156 
0*67 


X 1*59 - 8*90 ft. 
0-40 ft. 


^id ~ eddy loss in delivery pipe = 0*25 x 
(iii) Final summation can be carried out thus : — 

= manometric suction head 
= A, + + hfg + + ^V8 ~ ^’^0 ft. 

= manometric delivery head — H s ~ ^ ^la 

= 46*4 -> 6*7 + 8*9 + 0*4 = 49*0 ft. 

Rw ” total manometric head — + Hmd = ft- 

= effective head on pump 
“ "f" — ^vs “ 59*4 ft. 

p , . 59*4 X 1320 x 10 , 

— water horse power = = 23*8 h.p. 

ooOUU 

= gross efficiency = PJPs = 23*8/30*5 — 0*78. 


EXAMPLE 19 . 


To estimate the power required in a boiler-feed system, § 163. 


Data : — 


Discharge ....... 

80,000 lb. /hour 

Water temperature ..... 

105'^ F. 

Condenser vacuum ..... 

28*4 in. mercury 

Boiler pressur e ...... 

315 Ib./sq. in. 

Static head from condenser water level to 


boiler water level 

16 ft. 

Total energy loss in piping, etc. 

9 ft. head 


Method : — 


Water density = 62*0 Ib./cu. ft. 

Mercury deiLsity == 13*6 X 62*4 — 846 Ib./cu. ft. 
Therefore head equivalent to condenser vacuum 


28*4 ^ 

~12 ^ 62-0 


324 ft. 


Head equivalent to boiler pressure = X 144 = 735 ft. 

0^*U 

Total head to be generated by pump (or pumps) 

= 32*4 + 9 + 16 -t- 735 - 792 ft. 

P„ = water horse power = 33 ^ gp = 32-0 h.p. 
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If the pump efficiency were 72 per cent., then 

= power input = 32*0 /0-72 = 44*5 h.p. 

(Note that all heads are expressed in terms of the density of the water 
passing through the pump,) 


EXAMPLE 20. 

To compare the disc friction power loss and the leakage loss in a 
single-stage sfde-inlet pump and in a 3-stage pump, §§ 189 to 192. 


Data : — 

Total head 
Discharge 
Speed 
Speed ratio 


83 m. 

70 lit. /sec. 
1450 r.p.m. 
1-03 


Method : — 

By the usual procedure (Chaps. VII, IX), the following results 
are obtained : — 

Single-stage 3 -stage 

Impeller diameter, • 1-80 ft. 1*04 ft. 

Shape number, n, . . 42 97 


(i) Disc friction loss. From equation (13-2), the following ap- 
proximate values are found : — 

/ 1450\3 

Single-stage : - 0*37 X f X (1*80)5 ^ 21*2 h.p. 

/ 1450\3 

Multi-stage : P^ = 0*37 x X (1*04)5 = 1-37 h.p. 

per stage. 

Power loss per pump = 1*37 X 3 = 4*1 h.p. 


(ii) Leakage power loss, (a) Resulting from flow through sealing- 
rings, § 83. 

From Fig. 54, it appears that the diameter of the clearance 
passage will be about : — 


dc = 0*76 ft. for single-stage pump 
= 0*60 ft. for multi-stage pump. 

In the formula gj = 

we may take = 0*60, 6j = 0*02 in., per stage, 

from which qi = leakage flow per impeller 

= 0*32 cu. ft. /sec. (single-stage), 

0*145 cu. ft./sec. (multi-stage). 


Taking an efficiency of the “ auxiliary 
peller as 0*7, then 

Pj = power loss in single-stage pump = 


or “ leakage im- 


62*4 X 0*32 X 272 
550 X 0*7 


= 14*0 h.p. 
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Pj = power loss in three-stage pump 


3 X 624 X 0-145 X 272 
550 X 0-7 X 3 


6-4 h.p. 


(6) Resulting from other causes. 

Single-stage pump. There will certainly bo an additional 
leakage loss due to the escape of water through the balancing 
holes, §§ 77, 191. 

Multi-stage pump. Inter-stage leakage and leakage past 
the balance disc will account for a substantial power loss, 
Examples 16, 17. In this coimection the correct estimation 
of the head creating leakage flow is specially important. 
(See note at end of Example 16.) Whereas the volumetric 
leakage loss varies as the power loss varies as 

(iii) General comparisons Although the above figures are purely 
provisional and tentative, they do show very ck'arly the 
advantages of the multi-stage pump By increasing the 
specific speed per impeller, we undoubtedly ri'duce the disc 
friction power loss, and we maj" even reduce the gross or 
overall leakage power loss. 


EXAMPLE 21. 

To assess the effect of varying the width of a centrifugal pump 
impeller, § 197. 

Data : — 

Pump “ A ” : Impeller diameter -- 32 (-m. ; impeller width — 
1-5 cm. ; spec'd ratio — 0-98 ; flow ratio - 0-12 ; speed - 1460 
r.p.m. ; gross efficiency — 0*75. The relative power losses are : — 
Aj, — Mechanical ...... 0-03 

Ad = Disc friction ..... 0-09 

Aj = Leakage 0*06 

Pump ‘‘ B ” : Dimensions and velocities geneially as in Pump 

“A ”, except that impeller width is 3-0 cm. 

Method : — 

By the usual rules it is found that : — 

Pump “ A ” Pump ‘‘ B ” 

Head .... 31-5 m. 3]'r)m. 

Discharge . . . 45*2 lit. /see. 90*4 lit. /sec. 

Power output . . . 19*1 h.p. 38*2 h.p. 

Shape number . . 70 99 

As the total power loss in pump “ A ” is 

P, - P„ - P„/,,„ - P„ = 25-5 - 19-1 = 6-4 h.p., 
we can write : — 

P» - 0-03 X 25-5 -- 0-77, 

Pa = 0-09 X 26-5 = 2-30, 
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Pj = 0 06 X 25-5 - 1*53, 

-= 64 - 0-77 - 2-30 - 1*53 == 1*80. 

Jn pump “ B ’’ losses can be roughly estimated thus : — 

1\ - 0-77, 

Pa == 2-30, 

1*53, 

P^ = 2 X I SO - 3-60, 

P, = 38-2 1 0-77 4 2-30 f 1 *53 4" 3*60 -= 46 40. 
Therefore efficiom^y — 38*2/4640 — 0*82, whieh is a con- 
siderable improvement on the efficiency of pump “ A It is the 
effects of these changes that are shown in Figs. 122, 123. 

EXAMPLE 22. 

To plot a complete set of pump characteristics from given test 
observations, § 2 x 2 . 

Data : — 

Pump : Double-inlet centrifugal, as Fig. 44 (i), (not new). 
Suction and delivery branches : 8-in. diameter. Speed : hold 

steady at 900 r.p.m. Pressure-liead measured by dial type vacuum 
and pressure gauges, mounted level with pump axis. Discharge 
mea.sur(‘d by Venturi nu'ter, and regulated by throttle-valve. 
Torque measured by torque arm on swinging -yoke motor (weight 
of jockey-weight — 30*0 lb.). Liquid: cold water. 

Method : — 

34ie test observations are rt*corded on a log-sheid similar to this 
one : — 


Spoi'd (r.p.m.) ..... 

900 



— suction gango reading (feet 




head) .... 

13*41 



Hfnd ~ delivery guugi^ reading (foot 




head) .... 

13*12 



Q — Vontun motor reading (galls./ 




mill.) .... 

1265 



E — readmg on torque arm — dis- 




tance of jockey -weight from 
zero position (ft'et) 

2*805 




Final l esults can be computed thus : — 

Hg “ 4 - (because the pump branches are of equal diameter), 

_Qx\0xH,_QxH, 

^ 33,000 3300 ’ 

Torque X w 30 X X 277 X 900 r xr u 

Jl • —— _ m0 r\ — — ^ ^ xO % 

’ 550 550 X 60 

Vm “ PwlPs' 


447 



ROTODYNAMIC PUMPS 

A suitable form of tabular statement would be 


effective head (feet) . . 26*53 

Q — discharge (galls. /min.) . . 1265 

— output h.p. .... 10*15 

P, -= input h.p. .... 14*45 

~ gross efficiency . . . 0*705 


Values are then plotted as shown in the figure. 



Discharge -gailons per m/nute 

EXAMPLE 23 . 

Having been given the head-discharge characteristic for one speed, 
to plot the head-discharge characteristic for any other speed, § 221. 

Data : — 

Performance of pump when running at 500 r.p.m. is given in 
diagram on next page. The curve for 400 r.p.m. is required. 

Method : — 

(i) Select three points, A, B, C, well spaced out along the given 
curve. 

(ii) If A\ C'j are the corresponding points on the new curve, 
then their co-ordinates can be found thus : — 
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(iii) Having locat^^d th(‘so now points, as in tho diagram, a smooth 
curve drawn througli them will represent the desired 400 
r.p.m. characteristic. 


EXAMPLE 24. 

Having given the head and efficiency characteristics for any one 
speed, to estimate the speed and power required to enable the pump to 
deliver a stated discharge against a stated head, § 222 . 

Data : — 

The pump is the one whose characteristics for a speed of 900 
r.p.m. are reproduced in Fig. 136. This pump is required to deliver 
1700 gall /min. against a head of 135 ft. 

Method : — 

(i) Establish on the graph 
the point (a) representing 
tho stipulated conditions 
(see diagram overleaf). 

(ii) On tho parabola that is 
to pass through point (a), 
choose some other point (6) 
near the given head-dis- 
charge characteristic. If 
WH' l(d tho head repre- 
sented by point (6) be 80 
ft., then the corresponding 
discharge' can be found 



from the expression : ^ 


_ /1700\2 

\qJ 


from which 


Qi, — 1310 gall. /min. 

(iii) Sk('tch in the parabola itself, passing through points (a), 
(b), and the zero }>oint of the graph. 

(iv) If point (c) shows the intersection between the parabola and 
the original lu'ad-discharge curve, note the corresponding 
discharge Qc - 1420 gall. /min. 

(v) Since, for points such as (a), (6), and (c), wo know that 
discharge varies as speed, we can wi’ite : — 

0 1700 

900 X = 1080 r.p.m. 

— required new speed. 

(vi) From the given efficiency curve, note the efficiency corre- 
sponding to point (c), or discharge 1420 gall. /min. This 
value, viz. 0-72, can be taken to apply also to point (a). 
Hence required power — P, 

1700 X 10 X 135 , 

= 97 h.p. (approx.). 


33,000 X 0-72 


15 
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EXAMPLE 25. 

To predict pump performance by means of a complete set of pump 
characteristics, § 222, 

Data : — 

The pump has the characteristics shown in Fig. 152. It is re- 
quired to deliver 235 lit. /sec. against a dead head of 19*8 m., and to 
force the water through 400 m. of 35-cm. diameter piping. What 
should be the speed and power consumption ? 

Method — 

(i) From reference charts or tables, it is 
found that the virtual slope in the 
pipe has a value of about 0*017. 

Therefore frictional head loss == 0*017 2 

X 400 = 6*8 m. The secondary ^ 
losses, velocity head, etc., may bo 
estimated at 1 rn., whence : total head 
= 19*8 + 6*8 -I- 1-0 = 27*6 m. 

(ii) The performance point = 27*6 m., 

Q — 235 lit. /sec., can now be located 
on the chart. Fig. 152. By interpolation, this point is 
seen to correspond also to the values : — 

Speed = 920 r.p.m. Efficiency - 76 per cent. 

riiv . . c V 235 X 27*6 

1 he power input will therefore be P, — — 

^ * 75 X 0*76 

- 114h.p. 



EXAMPLE 26. 

To predict the performance of a prototype pump from test results on 
a scale model, § 225. 

Data : 

i Head 
Discharge 
Speed 
Efficiency 
Impeller diam(4er 
^ Scale of model 
Speed of prototype pump 

Method : — 

(i) From equation (15-2), 

efficiency of model = 0*852 = 1 


Model ^ 






171 ft. 

5*65 cu. ft. /sec. 
2000 r.p.m. 

0*852. 

1*0 ft. 

1 to 4. 

750 r.p.m. 


K 


efficiency of prototype = 1 — 
2000 


(2000 X l)«-2^ 
K 


— 0-148^, 


750 X 16 
450 


(760 X 16)®-* 

) 0.2 

= 0*896. 
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(ii) Applying the affinity lawB of § 224, it in soon that 

/ 7!i0 V 4\2 

Prototype head - 171 x ( 2000 ^) = 


750 /4\ ^ 

Prototypo discharge — 5*65 x X ( j ) =135 cu. ft./sec. 
(iii) By the usual rules ; — 

Prototype input power Fg = 


2000 
135 X 624 X 384 


550 X 0*896 
6600 h.p. (approx.). 


EXAMPLE 27. 


To use non-dimensional characteristics for estimating pump perfor- 
mance, § 228 . 

Data : — 


Head 

Speed ..... 

Rotor diameter 

Shape number at design point 

What discharge would this pump give 


. Mixed-flow centrifugal. 
. 32 ft. 

. 780 r.p.m. 

14 ft. 

. 210 . 


Method : — 


(i) Compute the characteristic head number h^ = 


l^L 


32*2 X 32 



= 3*08. 


(ii) Selecting from Fig. 155 the characteristic curve for w, = 210, 
wo find that the value of corresponding to hg = 3*08 is 
0*33. 

(lii) Inserting appropriate values in the expression for discharge 
number gives the result : — 



OT q — discharge of pump = 12 cu. ft./sec. (approx.). 

Manifestly this is only a tentative value, but from the general 
run of the curves it seems likely that the figure camiot bo more than 
a few per cent, in error. 


EXAMPLE 28. 

To estimate the performance of a pump when pumping petroleum pro- 
ducts, § 233 . 

Data : — 

A single-stage centrifugal pump when working with water gave 
the following performance : — 
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Head = 32*6 m. ; discharge ~ 40*5 lit. /sec. ; speed = 1460 
r.p.m. ; efficiency — 75 per cent. ; impeller diameter = 36 cm. 

The petroleum products are : — 

(а) Kerosene, specific gravity = 0-82, 

viscosity — 30 sec. Redwood. 

(б) Fuel oil, specific gravity — 0*94, 

viscosity ~ 920 sec. Redwood. 

What would be the performance with these liquids, with the 
pump rumiing at the same speed (1460 r.p.m.) and giving the same 
discharge (40*5 lit. /sec.) ? 


Method : — 


(a) The figures show that the kerosene has a kinematic viscosity 
of about 0*02 Stokes. As this so closely resembles the viscosity of 
water, it can be said at once that the pump efficiency will not be 
appreciably aflfocted. Therefore 


40-5 X 0*82 X 32*6 
75 X 0*75 


= head — 32*6 m. 
and Ps -= power input = 

= 19*3 h.p. 

(6) The kinematic viscosity of the fuel oil is about 2*4 stokes. 
Using this value, we find from Fig. 158 that for the given impeller 
size the head is about 86 j)er cent, of the equivalent h(‘ad for water, 
while the efficiency is about 76 per cent, of the “ water efficiency. 

Thus head oj oil = 32*6 X 0*86 = 28*0 m. 
efficiency — 0*75 X 0*76 -■= 0*57 

. ^ 40*5 X 0*94 X 28*0 , 

power input = ^ = 2o-0 h.p. 


It is clearly to be understood that these figures are subject to a 
tolerance of several per cent. 


EXAMPLE 29. 

To examine the possibilities of testing a pump with air, § 236. 
Data : — 

Estimated performance of pump working with water : — 

Head . . . . . . 80 ft. 

Speed ...... 500 r.p.m. 

Discharge . . . . . 50 cu. ft. /sec. 

Method : — 

As this is quite a fair-sized machine, absorbing at least 500 h.p., 
it will certainly be worth while to run preliminaiy tests with air, if 
this is at all possible. 

(a) Actual jpumj> with atmospheric air. Assuming normal density 
to be 0*075 Ib./cu. ft., we find that the pressure generated by the 
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pump running at its normal speed of 500 r.p.m. would be equivalent 
to a water column of 


80 X 


0075 

624 


= 0-096 ft. = M5 in. 


This is too small a pressure-difference to be effectively utilised 
under test-bed conditions ; for it is all we have available for mea- 
suring not only the “ head ” produced by the pump but also the 
discharge. (Some type of flow-nozzle must necessarily be used for 
flow measurement.) 

If it would be safe or practicable to speed up the pump to — 
say — lt)00 r.p.m., then the preflicted pressure-difference would be 
about 4-6 in. of water, which could quite accurately be gauged. 

(b) Model 'pump with atmospheric air. As the prototype rotor 
would be about 3 ft. diameter, a model to a scale of J might be 
suitable. If it were run at 3000 r.p.m , it would generate a pressure- 
difference of 4*6 in of water, and the whole t(\st-rig should therefore 
b(‘ capable of giving most useful information. 

(c) Model pump with compressed air. Taking a working pressure 
in the closed circuit of 100 Ib./sq in. absolute, the corresponding air 
density at normal temperature is 0*52 Ib./cu. ft., and kinematic 
viscosity is 0*21 x 10“^ sq. ft. /sec. Using the values 

N == 3000 r.p.m., — 157 ft. /sec., dg 1 ff-> 

it appears that the value of the Reynolds number would bo : — 


R 


n 



157 X 1 X 10,000 
0*21 


= 7,500,000. 


Estimated perforiniince figures are : — 
Head of air - 80 X 4 — 320 ft. 


Equivalent head of water — 320 X 


0*52 

62*4 


2*67 ft. 


/3000\ 1 \ 

Discharge = 50 X ft. /sec. 

f 11*1x0^52 x 320 , 

=r output power - = 3*36 h.p. 

Pj — input power — about 3-8 h.p. 

Hero also arc values capable of reliable measurement. To 
assess the worth of the figure representing efficiency that finally 
emt'rges — the figure that we are chiefly interested in — ^it will be 
necessary to compute the value of the Reynolds number of the proto- 
type pump running normally on water. The relative data are : 
Vg — 78*5 ft. /sec., dg — 3 ft., v — 0*0000108 sq. ft. /sec., from which 


R 


n 


78*5 X 3 


22,000,000. 


Evidently, th(ui, the “ model ” Reynolds number is still substantially 
below the prototype number, and hence the efficiency of the proto- 
type pump may reasonably be expected to be more favourable than 
the measured efficiency of the model. 
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EXAMPLE 30 . 

To compare the behaviour of constant-speed and variable-speed 
pumps when working against a constant head at varying discharge, § 242. 
Data : — 


The pump has the charaeteristics shown in Fig. 152. 

Constant head = 25.0 m. 

Maximum speed = 980 r.p.m. 

Maximum discharge at this speed — 288 lit. /sec. 

Reduced discharge — 120 lit. /sec. 

Pumping set ‘‘ A ” is driven by a constant -speed motor running 
at 980 r.p.m., and discharge is regulated by throttling. 

Pump “ B ” is driven by a variable -speed motor. 


Method : — 

Pump A ”. From Fig. 152, we find that at a speed of 980 
r.p.m. the values corresponding to — 120 lit. /sec. are : — 

Head — 37*5 m. Efficiency - 0-73. 

Hence P, = power input to pump — B.H.P. of motor 


120 X 37-5 
75 X 0-73 


82*2 h.p. 


The power wastcHl in the throttle-valve 


(37*5 - 25) X 120 
75 


20'0 h.p., 


which calls for a useless motor B.H.P. of 20*0/0-73 = 27*4 h.p. 

Pump “ B The pump is here slowed down until it delivers 
just the stipulated quantity. The corresponding values taken from 
Fig, 152 are then : — 

8peed == 805 r.p.m. Discharge — 120 lit. /sec. 

Head -= 25 m. Efficiency ~ 0*75. 

Hence the motor B.H.P. is now '^^*^*^* 

75 X 0*75 


{Note that the particular data hero chosen tend to exaggerate the defects 
of the constant-speed system. If the pump characteristic had been such that 
its design point corresiionded with the maximum discliarge of 288 lit. /sec., 
the power wasted at reduced discharge would have been niucli less.) 


EXAMPLE 31 . 

To estimate the time required by a constant-speed pump to lift water 
from a lower tank to an upper one, § 241. 

Data : — 

Pump : At design point, head — 50 ft. ; discharge — 400 g.p.m. 
Head-discharge characteristic as at (i), Fig. 144. 

Tanks : Each rectangular, 30 ft. long x 15 ft. wide. 

Difference in water level when upper tank is empty and pumping 
begins is 39 ft. 
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Total quantity to be lifted = 42,000 gallons. 

(Inlet to upper tank is always submerged.) 

Method : — 

(i) As the lower tank is progressively emptied, and the upper 
tank filled, the head on the pump will steadily increase and 
the rate of discharge will decline. The total time of pump- 
ing can be divided into a number of short periods — say 4r— 
during each of which the mean discharge may bo assumt^d 
to remain unchanged. 

If t (min.) is the duration of the period, 

Q gallons per minute is the mean discharge, 
h feet is the change in head, 

A is the surface area of each tank = 450 sq. ft., 

I /o . X 6-23 X h UOOh 

then Q X t = A X or t = 


(ii) 


X f = A 

Total variation of level in one tank 
42,000 


Q X 2 


Q 


= 15 ft. 


6*23 X 450 

Therefore total variation of head on pump ■= 30 ft. 

From pump characteristic, it is found that : — 

At start of pumping, head ~ 39 ft., discharge — 

500 gall. /min. 

At end of pumping, head = 69 ft., discharge = 

100 gall. /min. 

The duration of each period, t, may be that in which the 
pump discharge changes by 100 gall. /min. Thus the mean 
discharge in each of the respective periods will be 450, 350, 
250, and 150 gall. /min. 

(iii) By scaling off the change of head h corresponding with the 
change of discharge 100, the durations of the periods and 
the required total time are found thus : — 


Moan Q 

450 

3.50 

250 

150 


h (feet) 

10-S 

8-8 

6-7 

3-7 

(Total -- 30) 

1400 h 

33-7 

35-3 

37-5 

34-5 

(Total - 141 

^ ~ Q ■ 





minutes) 


{Note . — ^Tho wat-er can be imagined to return from tlie uppc^r to the lower 
tank through applianci's of one sort or another that require variable rates of 
flow. When this return flow begins, tho whole circuit is in priiicijilo auto- 
mati(‘ally solf-regulating. The greater the dt*mand for water, tho lower the 
level in tho upper tank falls, and the greater tlie discharge from tho pump 
be(‘Oinos. If no water at all is neodeii, the up}>er tank level will rise until tho 
pump discharge ceases. I’he ]:)ump could still be left running without harm, 
provided that a leak>off device were fitted, § 206, and that priming troubles 
were eliminated by giving the pump a positive inlet pressure, § 291.) 
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EXAMPLE 32. 

To examine the performance of pumps in parallel when forcing water 
through a long pipe, § 243. 


Data : — 

Pumps : Constant-speocl, 960 r.p.m., characiorisiics as Fig. 152. 
Static head — 18-5 m. 

Pipe : Length = 2180 rn. ; diameter — 0*5 in. 

Method : — 

(i) On the graph showing the individual pump performance, 
the external head characteristics must be plotted as in the 
diagram. The tabular statement shows the procedure : — 


l)i8c)iarge i!i Pipe', 
and DiHrhfjrgc per 
Pump when one 
Pump workiiiR 
(lit. /sec.). 

Di^rharfir per 1‘nmp 
when two Pumps 
working (lil./s<‘c.) 

Viriual Slope j 
(trom !)is( h.»rjr<' 
Charts). 

Frietion loss in pipe, 
hf .:iHo ■ X 

(m(*tres). 

50 


0-000 1 1 

o-:i 

100 

50 

0-0005 

M 

150 


0-00 J 2 

2-0 

200 

100 

0-002 

4-4 

250 

— 

o-oo;j 

0-5 

etc. 

— 


etc. 



For present purposes, it can be assumcHl that — effective 
head — static ht^fid + friction head 
(ii) From the intersection of the external head characteristics, 
(a) and (6), vath the pump characteristic., the desired in- 
formation can at once be read off : — 

(a) One pump working : Q ^ 268 lit./sc'c. 

//, - 261 m. 

0-72 

from which : motor output = 130 b.h.p. 
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(b) Two pumps working :Q ^ 195 lit. /sec, per pump 
H, = 38*8 m. 

Vm- 0-79 

Motor output = Pg ~ 111 h.p. per pump. 

(Note that switching in tho second piunp only increases the total discharge 
by 46 per cent., but increases the power demand by 70 per cent.) 


EXAMPLE 33. 

To estimate the limiting static suction lift for a given installation, 
§ 253 * 


Data : — 

The pump and piping are as in Example 18. Pump speed — 
980 r.p.m. ; pump type, double suction ; altitude of installation, 
2850 ft. above sea-l(‘vel ; temperature of water, 125° E. ; — 59*4 ft. 


Method : — 

(i) The data can be transformed as follows : — 

Pa — atmospheric pressure at given altitude = 13*2 Ib./sq. in. 
w density of water at given temperature — Gl-O lb./(‘u. ft. 
Pip ^ vapour pressure at giv(‘n temperature 2*0 Ib./sq. in. 

- specific spiked of pump — 29 (foot). 

(ii) 'nie values of tho basic terms can then be computed : — 

O' “ sigma ” — cavitation factor — 0-10, from Fig. 180, 

II, ^ aH, -= 010 X 594 - 5-94 ft. 

p, (13-2 - 2-0) X 144 




w Gl-6 

- 26-2 - 5-94 = 20-3 ft. 

— raanometric’ suction head, 

— limiting static su(*tion head = H,ns — 
= 20*3 ~ 1-30 - 0*84 - 0-65, 

— 17*5 ft. (approx.). 


= 2G-2 ft., 




EXAMPLE 34. 

To compare starting conditions for (a) a centrifugal pump, (t) a 
propeller pump, when forcing water through a long pipe, § 266 . 

Data : — 

Pumps : Head at design point -= 20 ft. Discharge at design 
point — 10 cii. ft. /sec. Characteristics as in diagram ; constant 
speed. Static head — 8 ft. Pipe : 5460 ft. long ; 2 ft. diamettT. 
Friction loss is 12 ft. when discharge is 10 cu. ft. /sec. 

Method : — 

(i) As we are here conceriu^d only with the mean rate of a^.- 
c('l(Tation of the water column in the pipe, the pressure- 
waves can be disn^garded. Time may be reckoiK'd from the 
moment at which flow' first begins, without allowing for the 
period required to bring the rotating parts up to full speed. 
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(ii) The external head curve is first plotted, as in Example 32. 
Then at any moment the accelerating head is the difierence 
between the internal head and the external head, viz., 

— Hs — Hf. This quantity can be scaled from 
the diagram. 

(iii) The total time of accelera- 
tion can be divided into 
(say) five periods, each 
one corresponding to a 
change of discharge of 
2 cu. ft. /sec., viz., a 
change of velocity of 0-64 
ft. /sec. If a is the mean 
rate of acceleration dur- 
ing such a period, of 
duration t secs., then 

0*64 = a.t. 

But, from § 262, 

^ 32-2 X K 
“ ' r " ‘5460 

,, ,, , 0-64 X 5460 109 

Consequently <== ^ ^ . 

(iv) By inserting in this expression values of scaled from the 
diagram, we obtain the following values for t during succes- 
sive periods : — 

For centrifugal pump : 9*4 : 9-4 : 10*6 : 14*4 : 34*0 sec. 
Total -- 77*8 sec. 

For propeller pump : 2*7 : 3*5 : 4*7 : 7*3 : 18*5 sec. 

Total = 36*7 sec. 

These figures mean that after about 78 sec. (or 37 sec., as the 
case may b(*), the liquid column in the pipe has settled down to its 
terminal velocity and the whole installation is running steadily. 
Although the propi'ller pump acceleratt*s the water much more 
rapidly, yet in other respects the installation is not well olF. Both 
the head at starting, and the power at starting, are much greater in 
the propeller pump installation than they are in the centrifugal' 
pump installation. See §§ 213, 280, 327. 

EXAMPLE 35 . 

To estimate the value of the surge pressure in a motor-driven pumping 
installation, § 269. 

Data : — 

Pumps : two sets, each thus : — 

Normal speed .... 1200 r.p.in. 

Normal head .... 284 ft. 

Normal discharge .... 7850 gall. /min. 

Moment of inertia of revolving parts 1450 lb. ft.^ 
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Pipe : — 

Length 900 ft. 

Diameter ..... 3*5 ft. 

Pipe friction assumed negligible. 

Method : 

(i) The velocity of the pressure- wave along the pipe may be 
taken as 4000 ft. /sec. Hence time dt for wave to make one 
journey along pipe = Ijv^ — 900/4000 = 0*225 sec. 

(ii) Applying formula (17-3) to the present system, we find : — 
dN = drop in speed of revolving elements of pump and 

motor in time dt sec., while pressure- wave makes one 
trip along pipe, 

dt.K,.W .H, 

0-225 X 2950 x WH^ WH, 

-=- rr^TT == — Tt- 

r},„N X 1450 

(iii) The initial values to be inserted in this expression are : — 

7850 X 10 , 

W = — 1300 Ib./see. per pump, 

- head - 284 ft. 

Vm — efficiency = 0-85 (assumed), 

N -= pump speed — 1200 r.p.m., 

from which dN — drop in speed during first period =167 
r.p 111 'Fhese values can now all be put in tabular form 
thus : — 


>io, ot prriud. 

Conditions at Beginning of Period. 

Drop ill Speed , 
dN. 

W. 



N. 

1 

l.'iOO 


284 

O-Sf) 

1200 

167 

2 

1130 


214 

i 

O-So 

1033 

127 


(iv) In the V 
in pipe = 


h diagram, Fig. 190, initial value of v velocity 

2 X 1300 , 

= 4-3o ft. /sec. 


62*4 X 0-7854 X (3*5)2 


Initial value of head = 284 ft. (neglecting friction). This 
point 0 can be plotted on the graph (see figure overleaf), 
and the head-velocity characteristic curve sketched in, for 
the initial speed of 1200 r.p.m. 

Now* the speed at the end of the first period is evidently 
1200 — 167 = 1033 r.p.m. ; and the corresponding 

459 




ROTODYNAMIC PUMPS 


characteristic curve can be located by the method of Example 
23. The parabola of maximum efficiency is drawn through 
the initial point 0, and a point x on this curve is chosen such 

1 

that = 12oi)’ ~ ^ ft. /sec. The 1033 r.p.m. 

characteristic is now sketched in, passing through the point x. 



V 

(v) The slope of the construction lines, has the value 



The first constnu'tion line, Oa, can tlius bo drawn, such that 
point a is the intersection between this line and the 1033 
r.p.m. characteristic. In the diagram, point a hapjiens to 
coincide with point x. It is this point which provides the 
values applicable to the second period, viz., W ~ 1130, 
i/g — 214, 7^,,, — 0-85, N — 1033. Inserting these in turn 
in the expression for dNy we find that tlu) drop in speed 
during the second period is 127 r.p.m. 

(vi) The filling up of the tabular statement, and the plotting of 
the points on the diagram, procmi simultaneously, until the 
graph is completed. From the graph W(‘ read off : — 
Minimum head at pumps ~ 115 ft. 

Time for flow through pumps to cease, from moment of 
tripping out motors 4-6 periods — about 1-0 sec. 

Negative surge — 284 — 115 ^ about 170 ft. head. 
Positive surge = 170 ft. head. 

Maximum head, immediately after closing of reflux valves, 
= 284 + 170 = 454 ft. head, exclusive of slam -pressure, if 
any. 
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Pump speed at moment of closing of reflux valves = about 
700 r.p.m. in forward direction. 

{Note , — In the above method, speed changes corresponding to time inter- 
vals of dt have been computed, whereas in § 269 the intervals are of duration 
2 dt. This is preferable when the speed variations are relatively great, as they 
are hero ; because the fundamental formula 17-3 is only strictly true for very 
small speed changes. Moreover, the greater the interval, the greater becomes 
the discrepancy between conditions at the beginning of the periotl, and the 
true conditions at the middle of the period (end of § 270). But all such errors 
are on the safe side : they tend to exaggerate the surge pressure.) 


EXAMPLE 36 . 

To examine the advantages of using a hydraulic coupling for a 
pump driven by a constant-speed motor, § 284. 


Data : — 

As in Example 30, pump “A ”, except that a hydraulic coupling 
is now interposed between the motor and the pump. 

Method : — 

In order to obtain the reduced discharge of 120 lit. /sec. against 
the steady head of 25 m., oil is drained from the coupling until 
the pump speed falls to the minimum value necessary, viz., 805 
r.p.m. The throttle valve is left fully open. 

The equivalent input to the f)ump has already been found to be 
53*4 h.p. 

Since 

Coupling power output ^ output speed _ pump speed 805 
Coupling powiir input input speed motor speed 980 * 

evidently motor output = 53*4 X — 65’0 h.p. 

When running direct -coupled to the pump, the output of the con- 
stant-speed motor was seen to be 82-2 h.p., hemce the saving in power 
realised by the coupling is 82-2 — 65*0 — 17*2 h.p. 


EXAMPLE 37 . 

To draw up comparative preliminary schemes for a low-head pump- 
ing installation, § 304. 

Data : 

Effective head = 20 ft. 

Total discharge -- 330 cu. ft. /sec. 

It is proposed to have three units, with an additional standby unit, 
all of the same size. 

Centrifugal, half -axial, and propeller pumps are to be compared. 

461 



ROTODYNAMIC PUMPS 


Method : — 

(a) Centrifugal, A high apecific-speod, side-inlet pump might be 
suitable, as in Fig. 61 . Taking a shape number of about 200, it ap- 
pears that the pump speed should be about 150 r.p.m., and the rotor 
diameter should be about 5*7 ft. Using the proportions of Fig. 61, 
we find that the outside diameter of the casing will be about 13 ft. 

By the method of § 253, the maximum static suction lift hgc is 
found to be about 20 ft. 




Sca/e of feet 


(b) Half -axial. Using Fig. 66 as a guide, and choosing a shape 
number of 330, we find : — 

Speed = 240 r.p.m. 

Kotor inlet diameter = 3*4 ft. 

Casing outside diameter == 5*6 ft. 

Static suction lift = 13 ft. 

(c) Propeller. With a shape number of 660, values are 

Speed = 480 r.p.m. 

Rotor diameter — 3*2 ft. 

Casing diameter — 4 ft. 

Static suction lift — — 2 ft. 

Various combinations of pump, motive-unit, and transmission 
can now be studied, thus : — 
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(a) The centrifugal pumps can most conveniently be set verti- 
cally, as ill Fig. 205 or Fig. 206. A speed-reduction gear-box will 
certainly be needed, no matter whether the pumps are driven by oil 
engines or by electric motors. 

(b) There is no option but to set the half-axial pumps as in 
Fig. 66. Remembering that the b.h.p. output of the motive-units 
will be of the order of 300 h.p. each, the shaft speed of 240 r.p.m. is 
not too low to permit of direct-coupling a horizontal oil engine to 
each pump, as in Fig. 202. A m^ium-speed vertical oil engine 
running at about 500 r.p.m. could also be geared to the pump, but 
what is saved in space might be lost in durability. 

Electric motors would be coupled through step-down gear-boxes. 

There should bo little difficulty in setting the pumps low enough 
to meet the conditions of limiting suction lift. 

(c) Suction conditions exert the 

overriding influence in the propeller 
pump installation. The pump must bo 
s(d at least 2 ft. below inlet water level, 
and tlius it must bo installed vertically, 
as ill Fig. 68. It seems unlikely that ^ 

oil engines would fit in very well, and S 

thus the choice lies between direct- >3 
coupled vertical -shaft motors, and ^ 
geared vertical -shaft motors. 

If the stage has not yet been 
reached at which any of these possi- 
bilities need be rejected, outline sketch 
plans can be prepared (see opposite 
page). These will give some sort of preliminary notion of the 
relative cost of buildings, foundations, etc. ; and they will also 
indicate whether the conditions on site are likely to favour any 
particular scheme. At this point, too, the effect of varying head 
(if any) might bo examined, as in Example 38. 

As enough information will now be available to provide a fairly 
close estimate of power costs, it should finally be possible to pick out 
the most promising schemes and to prepare detailed specifications 
for circulation to pump makers. 


EXAMPLE 38. 


To examine the effect of varying head upon different systems of low- 
head pumping plant, § 309. 

Data : — 

Centrifugal pumps as in Example 37 (a), 
point : — 

Performance at design 

Head ...... 

20 ft. 

Discharge ..... 

110 cu. ft. /sec. 

Speed ...... 

150 r.p.m. 

Efficiency ..... 

463 

0*90 





ROTODYNAMIC PUMPS 

Characteristics as in diagram on previous page. 

The systems to be compared are : — 

(i) Constant-speed pumps. 

(ii) Variable-speed pumps, regulated to maintaiji highest possible 
efficiency. 

(iii) Pumps having a choice of two speeds, driven cither by 2- 
speed motor or by constant -speed motor with 2 -speed gear- 
box. The speed ratio is 6 : 5, whence : — 

High speed = 150 r.p.in. 

Low speed -= 125 r.p.in. 



The most useful sort of comparison is to plot discharge, speed, 
and efficiency directly against head, as in the diagram. For system 
(i) the information can be taken directly from tln^ given character- 
istics. For system (ii) the procedure of Examples 28 or 24 may be 
helpful. 

In trying to assess the advantages of system (ii) and (iii), it will 
be necessary to know what is the general nature ot the head ffiic’tua- 
tion. If the pumps usually run near their designed conditions, and 
the head only occasionally reaches its upper and lower limits, then 
the additional cost and complication of the change-speed mechanism 
will hardly be justified. Again, if conditions of maximum head 
coincide with conditions of maximum discharge, system (ii) seems 
preferable ; but if, on the other hand, high discharge and low lift 
occur together, system (i) would automatically provide this type of 
variation. Naturally such considerations have an important bearing 
on the maximum power demand of the installation. 

EXAMPLE 39. 

To contrive the most effective pumping plant from a given used 
(second-hand) pump and a given engine. 

Data : — 

It is required to deliver the maximum possible discharge against 
a total head of 65 ft. 
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Pump. When first inspected the pump looks old, rusty, and 
neglected ; after being stripped and cleaned it can be described 
thus : — 

Inlet and outlet branches : 8-in. diameter. 

Impeller : Double-inlet, 12J-in. diameter, If-in. wide at mouth. 
Blade angle : about 20°. 

Blades look pitted and sealing -rings worn. 

Engine. Horizontal slow-speed, in fairly good condition. 
Known to be good for 55 b.h.p. at 300 r.p.m. 


Method : — 

(i) As a first rough estimate, we can take the pump overall 
efficiency (engine b.h.p. to w.h.p.) as 0*6. Hence 


P,, - 0-6 X 55 = 33 = 


X 10 X 65 
33,000 ’ 


or Q = discharge = 1670 gall. /min. 

Assuming the pump to be working at its design point, a 
suitable value of the speed ratio (f) would be about I*!. 
Thf^refore 

Vg “ 1*1 V 2(7 X 05 — , from which N = 

speed = 1320 r.p.m., and = specific speed = 41 (foot). 
(See diagram “ First Assumption 

(ii) The next question is, do these figures really represent the 
pump design conditions ? Evidence on this point can be 
collected thus : Using the methods of §§ 90 to 93, the outlet 
blade angle should be about 25°. But the measured angle 
is only 20°. Again, the flow ratio ip works out at 0*16, which 
is rather high for the {issumed values of specific speed and 
for the width ratio of 0*13. The specific speed itself is 
perhaps rather high for a pump of this size and class. On 
the whole, then, w(‘ an* justified in believing that the dis- 
charge of 1670 gall. /min. is greater than the designed dis- 




SECOND I 
ASSUMPTION j 

7700\g p m 

Discharge 


charge for the given head and speed. In other words, the 
pump will be working under “ iiicreased-flow ’’ conditions, 

(iii) In order to allow for this, the pump speed should be slightly 
higher than was originally suggested — about 1370 r.p.m. 
would be a reasonable figure. As the original estimate of 
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efficiency — 60 per cent. — ^was quite conservative, the pump 
should deliver at least 1700 gall. /min. 

(See diagram ‘‘ Second Assumption ”.) 

(iv) To transmit the necessary power, there might bo on the 
engine shaft a pulley 4*7 ft. by 9 in., and on the pump shaft 
a pulley 12-in. diameter by 9 in. An additional bearing 
might be necessary to ensure that the pump pulley is 
properly supported. 

EXAMPLE 40 . 

To determine the type and speed of pump working in a siphonic 

circuit, §§ 254, 310. 

Data : — 

Pump to be arranged horizontally, generally as Fig. 204 (I). 

Static lift = 10 ft. 

Pump axis is sot 5 ft. above water level in outlet ehannel. 

Discharge — 120 ton /min. 

Method : — 

(i) The limiting factor here is evidently the static suetion lift, 
which is greater than the total static lift. 

For preliminary purposes we may insert in equation (1 6-1) 
the v^alues : = 15 ft. ; - 38 ft. ; £1, - 10 ; 

= ^ ^ X 10. This yields 

15 -= 33 - 10i/r2 _ o- = 1*8 

(ii) Suitable values of a can best be found by trial and error, 
thus : — 

Assume specific speed Ng — 100 (foot), 
then ijj — about 0*3, 

a — about 0*75, 

02 _|_ o- 0*84, which is too low. 
Assume iV, ” 150 (foot), 

then 0 — about 0*5, 

(7 ~ about 1*2, 

02 + (T = about 1-45. 

Remembering now that friction in the inlet pip(% and velocity 
head rejected at outlet, have still to be accounted for, there 
would be no advantage in going beyond this specific speed 
of 150. 

(iii) From the given data, the equivalent rotational speed would 
be 300 r.p.m. This would be suitable either for a direct- 
coupled horizontal oil engine, or for a geared electric motor. 
In any event the given specific speed represents a propeller 
pump. Its main dimensions could be estimated as in Ex. 14. 
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EXAMPLE 41. 

To establish the main particulars of a bore-hole pumping installation, 
§§ J37» 3*3- 

Data : — 

Total head on installation = 400 ft. 

Depth from ground levi^l to water level = 220 ft. 

Discharge = 1000 gall. /min. 

Diameter of borehole = 24 in. 


Method : — 

(i) Shape number of borehole pump may provisionally be taken 
as Ug — 100. 

Now Q — 1000/374 = 2*68 cu. ft. /sec. 

= 0-0003 XN X (2)3 (from § 137) 
from which N = shaft speed = 1120 r.p.m. 

(ii) From the spe(jific speed formula 

» 100 X 0.373 - OOIM X im X vm 

\Des)^ 


it appears that H^g -- head per stage = 64 ft. 

If the borehole pump were given four stages, the head 
generated would be 4 x 64 = 256 ft., which would give 
a reasonable margin over the dead lift to ground level of 
220 ft. 

Assuming a speed ratio of ^ = 1-0, the impeller diameter 
works out at 1-1 ft., and the casing diameter at about 1-75 ft., 
§ 125. Since the borehole diameter is 2-0 ft., the figures 
check quite well. 

(iii) By the usual rules, it is found that the borehole pump output 
is 78 h.p., the efficiency about 0*73, and the power input is 
therefore 107 h.p. 

Assuming a transmission-shaft diameter of in., and a 
length of 220 ft., the formula of § 316 shows that the trans- 
mission loss Pgf^ may be about 8 h.p. 

(iv) Allowing a diam(4er of 10 in. for the vertical pipe between 
pump and ground level, the frictional loss in a plain pipe 
would be about 2 ft. ; but because of the disturbances to flow 
created by the spiders, shaft-couplings, etc., it would be 
well to allow for a loss of 10 ft. head. 

(v) The head to be generated by the booster-pump or force- 
pump can now be reckoned. It will amount to 

400 + 10 ~ 256 - 154 ft. 


A 2-stage pump would serve, rumiing at the same speed as 
the borehole pump, and absorbing 64 h.p. The correspon- 
ding shape number — 87 — would be permissible. 

Thus the total power to be delivered by the motive-unit 
would be 107 8 + 64 = 179 h.p. 
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(vi) The selected shaft speed — 1120 r.p.m. — would be suitable 
for a variable-speed D.C. or A.C. motor. If a constant 
speed of 970 r.p.m. were specified, the borehole pump would 
probably require five stages instead of four. 


EXAMPLE 42 . 

To estimate the main particulars of a high-head pumping-set with 
auxiliary low-lift pump, § 321. 

Data : — 

Total head = 720 ft. 

Discharge = 5200 gall. /min. 

Speed = 1460 r.p.m. 

Method : 

(i) If the whole work were to be done by a 2-stage pump of 
specific speed per stage of 22 (foot), having single-inlet 
impellers, then the values to be inserted in formula (16-1) 
would be about : — 

Ht = 33 ft. : -= 5 ft. : 360 ft. : o == 0-2, 

whence hgc — limiting suction static head 

- 33 - 5 - (0*2 X 360) == - 44 ft. 

This means that a positive pressure should prevail at the 
pump inlet flange : the pump mur.t be set 44 ft. below the 
water surface in the suction well. This figure could be 
reduced if double-inlet impellers were used instead of single- 
inlet impellers, § 253 ; but a more effective method would 
bo to instal an auxiliary pump that would lift the water into 
the main pump. 

(ii) The duty of the auxiliary pump might be : — 

Efifective head — 50 ft. 

Discharge = same as main pump == 5200 gall. /min. 

Type : double-suction ; specific speed = 34 (foot). 

In the ordinary way it is found that the spec^d N should be 
about 500 r.p.m., and that the pump could be set at least 
15 ft. above suction water surface. 

(iii) To check now the performance of the 2-stage main pump, 
we note that each of its stages now generates a head of only 
J(720 — 50) = 335 ft. The internal head drop will be 
about 0*2 X 335 = 67 ft., corresponding to a pressure drop 
of 29 Ib./sq. in. If we allow a minimum absolute pressure 
in the pump passages of 1 Ib./sq. in., it follows that at the 
main pump first-stage inlet flange, or the auxiliary pump 
delivery flange, the absolute pressure should be 30 Ib./sq. in. 
On the other hand, if the pumping set is installed 15 ft. above 
suction water level, then the pressure-head at the auxiliary 
pump delivery flange will be 50 — 15 = 35 ft., and the 
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corresponding absolute pressure is (35 X 0*434) + 14*7 = 
30 Ib./sq. in. The two values thus cheek very well. 

(iv) Remembering that the maximum value of the cavitation 
factor a has been chosen, it looks safe to accept the system 
as it is, without making further allowance. But if there 
were any doubt, the set might be lowered another 5 ft., 
bringing the suction lift down to 10 ft. The whole pumping 
set would then correspond exactly with Fig. 213 (a), and 
could be designed to fulfil the conditions : — 

Main pump head = 670 ft. 

Main pump speed = 1460 r.p.m. 

Auxiliary pump head = 50 ft. 

Auxiliary pump speed = 500 r.p.m. 

Step-down gear-box ratio — 3:1 (about). 


EXAMPLE 43 . 

To plan the pumping installations in a chain of pumping stations, § 322. 


Data : — 

Liquid : oil of S.G. 0*89 and kinematic viscosity 0*21 stokes. 
Pipe : 12-ill diameter (assumed horizontal). 

Discharge : 1 200 gall . / min. 

Permissible maximum pressure in pipe : 600 Ib./sq. in. 


Method : — 

( 1 ) Velocity in pipe = 4*1 ft./sec. 

Kinematic viscosity in foot units = 0*00023 sq. ft./sec. 

Reynolds numlx^r in pipe = — ^ -1 = 17,800. 

If the pipe W(^re smooth, the corresponding value of the pipe 
coefficient ’ would be about 0*0066. For the steel pipe 
actually used, the coefficient would probably be about 
0*0085. 

H(ml loss between stations — 000 X ^ - 31 _ 


0*89 


4 X 0*0085 X L (4-1) 


1*0 


X 


64*4 


From wliich L — distance between stations — 175,000 ft = 
about 34 miles. 

.... ^ ^ u i. 1200 X 8-9 X 1560 

( 11 ) Output power at each station = — — — — 505. 

♦13,000 

The duty might thus be divided between two pumping units, 
with a third as standby. 

Allowing a pump speed of *3000 r.p.m., and a specific speed 
per stage of 20 (foot), we find that to correspond with the 
stipulated discharge of 1200 gall. /min. the head per stage 
would bo 256 ft. 
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Therefore number of stages per pump — — 6-1 stages. 

A 6-stage pump could therefore be aiTangwl, of the type 
shown in Fig. 80. 

(iii) Because of the effect of the oil viscosity on pump perform- 
ance, it would be prudent to allow a pump efficiency of 
about 0*65, necessitating an input power of 

505 

X i = 390 h.p. per unit. 

Probably engines running at GOO r.p.m. might be recom- 
mended, diiving the pum])s through 5 : 1 ratio step-up gears. 

(iv) The provisional figures just given should not be accepted 
without thorough discussion. Although the first cost of 
the installation might be reasonably low , the pumping costs 
could easily mount up very considerably. Possibly a slight 
increase in pipe diameter would bring about a more than 
proportionate reduction in the numbcT of pumping stations. 
In any event, centrifugal pumps might not offer the best 
solution at all. Slow -speed reeipioeating pumps would 
certainly be more efii(*ient and durable. 


EXAMPLE 44. 

To plan a boosting installation, § 324. 


Data : — 

Diameter of water main — 36 in. 

Length of watei* main — 34 miles. 

Gravitational head — 198 ft. 

Existing flow — 12 millions of gallons per day. 

Boosted flow% after boosting installation has b(Mm installed in 
main — 15 millions of gallons p(‘r day. 


Method : — 


(i) In such an important w^atiT main as this, it is imjirobable 
that boosting will be considered at all until the main has 
been in service for a number of years. Th(‘ pipe surface can 
therefore be taken to be “rough”, hence the frictional loss 
will vary as the square of the discharge. 

Thus, new frictional loss ~ 310 ft. Of this 

amount, the booster pumps must supply 310 198 = 112 ft. 

(ii) The maximum flow^ of 15 millions of gallons per day corre- 
sponds to 10,400 gall. /min , and the maximum power output 
of the boosting station is t hereof or(‘ 


10,400 X 10 X 112 
331000 
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The system of Fig. 216 appears suitable, using two pumps 
at maximum flow, and three pumps at low discharges. It 
might bo considered possible to dispense with any further 
plant, because if necessary two pumps always could do the 
work, leaving the third as a standby. 

(iii) The duty of each pump can now be specified, thus : — 

Head = 112 ft. 

Discharge = 5200 gall. /min. 

Standard types of double-inlet centrifugal pumps would be 
acceptable, of specific speed about 30 (foot). Their maxi- 
mum spewed would be about 820 r.p.m., permitting them to 
be direct-coupled to variable-speed direct -current motors. 
A pump efficiency of at least 85 per cent . should be realised, 
and the motor b.h.p. need therefore not exceed 210 per 
pump. 

(iv) Here again the boosting system camiot be taken as the sole 
solution of this particular problem of supplying more water. 
Anoth(‘r water main, laid alongside the first, would do all 
that is lequired. A study of predicted operating conditions 
and detailed comparative costs, extending over a long term 
of years, will alone provide the correct answer. 


EXAMPLE 45 . 

To study the effect of outlet conditions on a pumping plant, § 328. 
Data : — 

The plants to be (‘ompar(*d are those shown in Fig. 221. 

CVinstaiit discharge — 17 cu. ft /sec. jK*r pump. 

Maximum static lift — 12 ft. 

Minimum static lift — 6 ft. 

Pipe diameter — 15 in. ; outlet 2 ft. above high(\st water surface. 
Enlarg(*d or flared outlet diameter — 24 in. 

Method : — 

As the pipe velocity works out at 13*8 ft. /sec., the pipe friction 
will amount to about 1 ft., and the velocity head to about 3 ft. 

But with the flared outlet the velocity head wasted will only be 
about 0-5 ft. 

The pump efficiency may be taken as 0*8, except for low -head 
conditions in system (ii), when it might fall to 0*7. 

In the following tabular statement, represents the net power 
corresponding to the static head, represents the power input 
to the pump, and therefore is the static efficiency — PgtlPsf 
§ 165 (iii). 
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Systun. 

H, ft 

ft 

Q cu ft /s. 



Var 

No bellinoufh \ . 

No siplioiiic t'ffoct / 

12 

18 

17 

23- 1 

43*7 

0-53 

(> 

18 

17 

11-G 

43*7 

0-27 

Bellmouth oiitlot U \ • 

With siiihoiiic (‘ff('ot j ' 

12 

14 

17 

23- 1 

33-9 

0*68 

6 

s 

17 

11*0 

22*1 

0-52 


The figures show clearly enough the advantage of submerging 
the outlet pipe, if this is practicable on other grounds. 


EXAMPLE 46 . 

In an electrically-driven pumping set, to show the effect of a fly-wheel 
in reducing surge pressures, § 334. 

Data : — 

As in Example 35, except that now each pump has a fly-wheel 
mounted on its shaft, having a moment of inertia of 5500 lb ft.^ 
The total moment of inertia of each set of revolving parts is there- 
fore 1450 + 5500 --- 6950 Ib.ft.^ 

Method : — 

As in Example 35, except that as the pumj) speed falls more 
gradually than before, it is permissible to compute speed changes 



corresponding to periods 2dt instead of dt. 1'he graphical method 
(see diagram) gives the following results, wdiicli may be compared 
with those computed in Example 35. 

Minimum head at pumps 200 ft. 

Time for flow through pumps to cease — 2*4 sec. 

Negative surge 284 — 200 — 84 ft. 

Maximum head, resulting from positive surge = 368 ft. 

Pump speed at moment when flow through pump ceases = 

950 r.p.m. 

Although, then, the beneficial action of the fly-w^heels is very 
marked, it is not proportional to the addled weight. In order to 
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reduce the surge pressure by one-half, the moment of inertia of the 
revolving parts has been increased more than four-fold. 

EXAMPLE 47, 

To compare propeller and centrifugal pumps for supplying circulating- 
water to surface condensers, § 342. 

Data : — 

Each pump is to supply 22,000 gall. /min. against a total head of 
24 ft. The diameter of the pipes is 32 in. 

Method : — 

(i) Propeller pump. It would make a neat arrangeim^nt if the 
rotor diameter were equal to the pipe diameter. Moreover, 
in ord(T to give the pump a reasonable' suction peiiormance, 
a two-stage system may be studied. In a general way, the 
pump would be mounti'd horizontally, somewhat as shown 
in Fig. 223 (i). 

To suit the stipulated conditions : — 

H(‘ad per rotor — 12 ft. 

Rotor diameter - 2*67 ft. 

Speed ratio — 2*2, 

it will be found that : Speed N - 440r.p.m Specific speed 
N 1 7S (foot), both of which may provisionally be accepted. 
For other systems of intake conduits, a vcTtical single-stage 
arrangement on the lines of Fig. 08 may be studied. Dis- 
charge variation, which permits the power consumption of 
the pumps to be rc'duced in eold weather, (*an be effected 
either by the use of variable-speed motors or by using 
variable-pitch propellers, § 104. 

(ii) Centrifugal pumps. A specific speed of about 75 (foot) is 
usually loiind satisfactory. If a single impelltT had to deal 
with the full discharge of 22,000 gall. /min. against the full 
head of 24 ft., it would have to run at 320 r.p.m. But if 
twin pumps working in parallel were used, as in Fig. 212 (a), 
then the spec'd could be raised to 450 r.p m. 

As none of the specific speeds provisionally chosen are close to 
limiting values, the final value adopted can readily be ad- 
justed, if necessary, to suit the nearest pcTinissible speed of 
the driving motor. 

EXAMPLE 48 . 

To estimate the maximum permissible water temperature in motor- 
driven and in turbine-driven boiler feed pumps. 

Data : — 

Each pump is n'quired to discharge' 676 gall. /min. against a total 
head of 1083 ft. 

The motor-driven pumps have eight stages and run at 1475 r.p.m. 
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The turbo-driven pumps have two stages and run at 4000 r.p.ra. 

The condensate-extraction pumps generate a head of 190 ft. 

Method : — 

(i) Motor-driven 'pumps. The head per wstage is 135 ft., and the 
usual formula shows that the specific speed per stage is 17 
(foot). In turn the cavitation factor a for a single-inlet 
impeller is found to be 0*18, § 253, whence X 

= 24 ft. This corresponds to a pressure difference of 
10 Ib./sq. in. 

Now the head generated by the extraction pump — 190 ft. 
— ^represents a pressure difference of 82 lb /sq. in. For 
present purposes (neglecting the absolute pressure in the 
condenser), this means that at the extraction pump delivery 
fiange tJie absolute pressure is 82 Ib./sq. in. Deducting 
from this amount the pressure loss between (extraction 
pump and feed pump inlet — which can b(‘ taken at the liigh 
value of 30 lb /sq. in. so as to keep a margin in hand — ^it 
follows that the absolute pressure at feed pump inl(‘t is 
82 “ 30 = 52 Ib./sq. in. 

On apj)lying the formula of § 345 (v), it ajipears that 
52 = Pw ^^int ~ 2^ VP 'f" 

Pvp ~ vapour pressure of wateT in feed pump = 42 
Ib./sq. in. 

The corresponding temperature is 270" F., which is the 
maximum tempcTature to whi(*h the feed- water could be 
heated before entering the feed-pump. 

(ii) Turbo-driven feed-pamj^^ For these pumps the correspond- 
ing values are : — 

= head per stage = 542 ft. 

N ^ — specific speed ^16 (foot), 
or cavitation factor = 0-lfi, 

H,,,, = 0*16 H,, = 87 ft. 

Thus 52 = + {w X 87), or p„j, - 16 Ib./sq. in. 

The limiting feed-water temperature is therc'forf^ 216" F. 

(iii) Although, therefore, the motor-driven pumps could work 
at a higher temperature than tlu" turbo -pumps, in practice 
it would not be possible to differentiate between them, be- 
cause either type of pump may be called upon for duty at 
any moment. The fe(xl-heating arrangements would there- 
fore allow for a water temperature at f(‘ed-])ump inlet of 
not more than 216" F. Two factors of safety have already 
controlled the computations : the maximum value of 
“ sigma ”, and the high value of the pressure loss in the 
syst(^m, viz. 30 lb /sq in. In comparison with these, only 
an insignificant error is involved in using a nominal value 
for the density w^f instead of the true one. 

474 



tsj is? 


KEY TO SYMBOLS (jENEKALLY USED IN THE BOOK 


(Special notations arc explained in individnal paragraphs) 

A, a area. 

h breadth or width. 

B. H.P. brake hor.se -power. 

c ciiord length of aerofoil or blade oleineiit. 

6’ eoiistant or co-officient. 

drag coefficient of acnofoil or blade element. 

(\ lift coefficient of aerofoil or blade element. 

1), d diamete^r. 

]) drag on aerofoil or blado element. 

K energy per imit weight of liquid. 

energy per unit weight of liquid, imparted by ideal rotor having an 
infinite number of blades. 

energy per unit weight of liquid, imjiai’t-ed liy actual rotor having n 
blades. 

/ coefficient, for (‘valiiating friction loss in closed passages. 

g acceleration of gravity. 

II, h pressure -lioad : energy per unit weight : difference of surface level. 

h^^ head equivalent to atmosjiheric pres, sure. 

he charaeteri.stH' head number. 

h differential pressure' -head betwoi'ii bat'k and front of rotor blade. 

hdi dynamic depression head in rotor jiaasages. 

H, effective head : effective energy per unit weight given to liquid while 
flowing through pump. 

h f frictional loss of head in pijio or idosed passage. 

gam of pressure-lioad in rocu])orator. 
h, pressure -liead generated in ideal impeller. 

/?, inertia head m pipi's during starting or stopping of pump. 
hi eddy or turbuk'uce loss in pipe or closed pa.ssago. 

total inaiioinet ric hea<l generated by pumj). 

H maiioinetric delivery head. 

manomotric suction head. 

Hg total static lift or dead head. 

/<, static suction lift. 

velocity energy or head. 

h„j, head of liijuid etiuivaloiit to vajmur pressure of liquid. 

, k a constant or coefficient . 

kp horse-powi'r constant : energy per second equivalent to oiio horse- 
jiower. 

Kg specific si>ood constant. 

//, I length. 

L lift on aerofoil or blado ekunent. 

n number of blades in rotor ; speed in revolutions per second. 
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N rotational speed in revolutions per minute, 
n, characteristic shape number of rotor or pump. 

N, true specific speed of rotor or pump. 

N,n nominal specific tjpeod. 

P force or thrust : power : horse -power. 

dynami<5 thrust. 

Pg shaft horse -power input to pump, 

Pfp “ water ” horse -power output of pump. 
p pressure ; intensity of pressure. 

Pa atmospheric pressure. 

Pvp vapour pressure of liquid. 

Q. q rate of discharge ; voliuno flowing in unit time. 

characteristic discharge number. 
qi volumetric hnikage or slip loss. 

JR, r radius. 

r.p.m. revolutions per minute. 

R. V. reflux valve. 

S. G. specific gravity. 

S. H.l*. shaft horse-power injnit to pmnp. 

T, t thickness : torque. 

U absolute velocity of licpiid. 

V peripheral velocity of a point on a revolving blade or rotor : moan 

velocity in a pipe or passagi*. 

Vf relative velocity of liquid flowing through a rotor passage. 

V tangential or whirl velotdty com}>onent of liquid. 

W weight : weight of liquid fiowdng in unit time. 

w density of liquid ; weight per unit volume. 

W.H.P. water horse -power output of ^jump. 

V velocity of flow (in a radial-flow’ pump, radial component of velocity). 
Yr in general, radial velocity component of liquid. 

Ya axial velocity component. 

Ym meridional velocity component. 


a Coriolis acceleration, i.e., tangential acceleration of liquid : angle of 

attack of aerofoil or blade element. 

P inlet blade angle of rotor. 

y outlet blade angle of rotor. 

8 inlet blade angle of recuperator. 

A relative power loss (with distinguishing subscript). 

c relative blade loading. 

rj^ gross or overall efficiency of pump. 

hydraulic efficiency of pump. 

A width ratio of rotor. 

V kinematic viscosity. 

a Thoma cavitation factor. 

<l> speed ratio of rotor. 

0 flow ratio of rotor, 

cu angular velocity. 
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The following subscripts denote the part of the puinp or rotor to which a 
particular symbol refers : — 

0 inlet to pump casing. 

1 inlet to rotor. 

2 outlet from rotor. 

3 outlet from pump easing. 

In an axial-flow rotor : — 

a inner radius. 

b outer radius. 

Thus, Fa denotes the velocity of flow at the outlet from a centrifugal 
pump rotor. 

Other subscripts are : — 

n relating to an actual rotor having n blades, 

00 relating to an ideal rotor having an infinite number of blades. 
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TABLE OF CONVERSION FACTORS 

Uflually -accepted values are hero given. The asterisk (*) denotes that 
the factor dej>onds upon temperature or otlu'r variable, and that the figure 
quoted is based upon noiinal atmospheric temperature —say 50° F. TTnkss 
otherwise stated, gallon moans Imjierial gaJlon = 0*1605 cubic feet. 



To Convert 

To 

Multiply 

i>y 

Weight 

Pounds 

Crams 

453*6 


Pounds 

Kilograms 

0*4536 


Kilograms 

Pounds 

2*205 


Tons 

Kilograms 

1016 


Tons (2240 lbs.) 

Metric tons (1000 kg.) 

1*016 

Length 

In (‘lies 

(’enlimeti’i^s 

2-540 


Feet 

Centimetres 

30*48 


P'eet 

Metros 

0*3048 


Metres 

lYiot 

3*281 


Y ards 

M(dres 

0*9144 


M lies 

Kilometres 

1 -oog;! 

Speed or 

Feet per sc'cond 

CentiuKdres [lei s(‘cond 

30*48 

Velocity 

Feet jier second 

Metres p('r scH'ond 

0*3048 

Area 

Squar<‘ inches 

Square cen timet rt‘s 

6*452 


Square feet 

Square C(‘ntimetres 

929*0 


Square feet 

Square metres 

0*0929 


Square metriss 

Square t(‘et 

10*76 


Square yards 

Scjuare metres 

0*8361 


Acres 

Hectari's 

0*4047 

l*rosKure and 

i 

J^omids per square 

Kilograms per square 

0*0703 

Head 

inch 

centimotri' 



Kilograms pi'r sipiare 
centimetre 

Pounds })er square inch 

14*22 


Crams per square 

centiinotre 

Dynes jier square 
cent 1111(4 re 

981 * 


Poumls iier square inch 

Fe(‘t hf^ad oi \vat(*r 

2*31* 


Feet head of water 

Pounds j)(*r square inch 

0*434* 


Pounds per square inch 

IiicIk^s head of mercury 

2*04* 


J*ounds per scpiare inch 

Atmosph(*re,s 

0*0681* 


Kilograms jier square 
centimetre 

Metres head of water 

10*00* 


Tuches head of mercury 

Millibars 

33*87* 


Millibars 

iJyiu*s per squan^ 

centimetre 

1000*00 
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To (Jonv(*rt 

To 

1 

Multi [)ly 

by 

Volume or 

Cubic inch(\s 

Cubic centirnetres 


(JajjacMty 

CJubic feet 

Cubic centinudres 

28320 


(’ubic feet 

Cubic metres 

0-02832 


Cubic metres 

Cubic foot 

3rr31 


Cubic yards 

Cubic? metres 

0*7045 


Cubic feet 

Litres 

28*32 


Cubic feet 

Tin ])o rial gallons 

6*23 


Imperial gallons 

Cubic feet 

0*1605 


Imperial gallons 

Litres 

4*546 


Imperial gallons 

American (I'.iS.) gallons 

1*20 


Acre -feet 

Cubic feet 

43560 

Density 

I'ounds per cubic inch 

(iriuns per cubic centi- 
metre 

27*67 


l^ounds ])er cubic foot 

Kilograms per litre 

0*01602 


( lb. sec.\ 

. / dynes sec. \ 

479 

\ iscosity 

h oot units \ ;; — | 

s(p ft. J 

Jmises I — ) 

\ stp (*m. y 

Kinematic 

Foot units (— sfp ft. 

Stokes (— sq. cm. per i 

929 

viscosity 

per sec.) 

sec.) 




Degrees Cent igrade 

C5 

CO 

o 

Tem]H*raturo 

Degrees Fahrenheit 

X — 

°F. 9 

Rate of Dis- 

(’ubic f(V‘t per second 

Gallons per minute 

374 

clinrgo 

(^ibic feet per second 

Millions of gallons per 
24 hours 

0*538 


Cubic feet j)er second 

Toils of water per 
minute 

1*67* 


Cubic feet ])er second 

Litres i>cr si'cond 

28*32 


Cubic feid per second 

Cubic metres i>er second 

0*0283 


Callous per minute 

Litres per second 

0*0757 

-Energy : 

Foot-pounds 

K ilogram -met res 

0*1382 

Power 

Horse -pow('r 
(.^>50 ft. lb. /sec.) 

Metric horse -powder 
(73 kg. m./sec.) 

1*014 


Horse -power 

Kilowatts 

0-746 


Metric horse -pow er 

Kilow'atts 

0*736 
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COMPUTATION DATA AND CHARTS 

PHYSICAL PKOPERTIKS OF WATER AND OF SATURAITSD 
WATER VAPOUR 


Tempenituro. 

Deusity of Wator at Saturation 
Pressure. 

Vapour Pressure. 

Deg. Fahr. 

Dep. CViit. 

Lb. per 
ruble foot. 

Kiloprams 
per litie. 

Lb. per 
square iueli. 

Equivalent 
head of water 
at j?iven 
7'eraperature. 
(feet.) 

39 

4 

62-4 

1-000 

0-12 

0-27 

r>(> 

10 

62-4 

1-000 

0-18 

0-41 

68 

20 

62*3 

0-998 

0-34 

0-78 

86 

30 

62*2 

0-996 

0-61 

1-4 

104 

40 

62-0 

0-992 

M 

2-5 

140 

60 

61-4 

0-983 

2-8 

6-6 

176 

80 

60-6 

0-972 

6-9 

16-4 

212 

100 

59-8 

0-959 

14-7 

35-6 

248 

1 120 

58-9 

0-944 

28-5 

69-8 

284 

140 

57-9 

0-927 

52-2 

130 

320 

160 

56-8 

0-909 

89-9 

229 

336 

180 

55-6 

0-889 

1 144 

376 

392 

200 

54-1 

0-866 

226 

604 

428 

220 

52*5 

0-841 

337 

924 

464 

240 

50-7 

0-814 

186 

1380 


MEAN I’REKSrRE OF THE ATMOSPHERE 


Altitude above Sea- 
level. 

feet. 

0 

2000 

4000 

6000 

8000 

metrt's. 

0 

610 

1220 

18:{0 

2440 

Barometric ])rcsHur<" lu 
lb. per bq. iiieh 

14-7 

13-7 

12-7 

11-8 

10-9 

Barometric Pressure as a 
Percentage of pressure at 
sea-level 

100 

93 

86 

80 

74 
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Unless otherwise stated, the numbers roft^r to Paragrapfis (§§), and the 
Utters refer to the Part of the book or the nature of the information. (A = 
Principles, B = Design or Construction, C — Performance, D — Installation.) 
Thus, tt> find information about the design of axial-flow pumps, the Index 
shows that paragraphs 103, 104, 105, 109-113 should be consulted. Paragraph 
referoneo numbers are printed at the top of the pages. 

References to the Illustrative Examples are alw'ays given in the Text, 
but those likely to bo of specual imj>ortance are mejitionod also in the Index. 


j^BRASlVK liquids, juimps for, 
B 14G-151. 

Absolute path of liquid in rotor, A 10. 

— velocity of liquiti in rotor, A 10. 
Acceku’ation of liquid, 3. 

— of liquid column in pipe, C 202, 

Example 34 {see also Starting the 
pump). 

— tangential, A 18. 

Aerofoil theory of axial-flow blading, 
A 38, B 110-113. 

Affinity laws, A 53-55, C 223, 224. 
Age, effect of, C 250-259, D 300. 

Air, as cause of faulty running, D 358. 

— chamber, D 313, ho, 335, 337. 

— tests with, C 183, 230, 237. 

Allied machinery, D 275-285. 
Alternating -current electric motors, 

D 277, 278. 

Atmosphc’ric j)re8aure, effect on suction 
lift, C 252. 

variation with altitude, jxige 480. 

Automatic olijctric control, 1) 281, 325. 
- gates, outlet doors, etc., I) 330. 
Auxiliary apjdianccs, D 280-290. 

— pumj)S in steam power stations, 

D 341-340. 

Axial-flow pumps, A 35-40, B 103, 
104, 105, 109-113, (^201, 1)310, 
Example 14. 

Axial thrust on rotor, Centrifugal 
pump, B 74-70, 77. 

Multi-stage pump, B 123. 

Axial-flow" puiii]), A 37, 

B 105. 

^^ACK flow in axial-flow rotor, 
C 209. 

Balance-disc, B 123, 124. 
Balanced-suction impeller, B 69. 
Balancing-holes, etc., in impeller, 
B 77. 


Balancing of rotors, B 90, 126. 
Barrfd-type multi-stage pump, B 121. 
Bearings, B 68. 

— for centrifugal pump, B 78-79. 

— for mixed-flow and axial flow pump, 

B 105. 

— for borehole ]mmps, B 133, D 315. 
Bedplates, 1) 280, 352. 

Belt-drive, D 285, Example 39. 

Blade, datum, A 9. 

— - form, effect on performance, A 14. 

— loading, A 26, 40, 247, 252. 

— shapes, Centrifugal, A 10-12, B 92- 

95. 

Axial -flow pump, A 36, B 109. 

Mixed-flowpump, A34,B 108. 

Blades, influen(*e of number of, A 24. 
Boiler finnl pumps («cc Feed-pumps). 
Boosto pumj)s and boosting stations, 
1) 323-325, Example 44. 

Borehole pump, B 130-137. 

— pmnping plant, D 313-316, 

Example 11. 

Buildings, 1) 296. 

Casing, a 42 . b 68. 

— centrifugal immp, B 87-89. 

— mixovl-flow' and axial-flow pump, 
B 105 {see also under Kecuper- 
ator). 

Cavitation, 248, 249, 256, 257. 

— factor, C 252. 

CWitrifugal pimip, 4, A 7-27, B 69-97, 
C 186-237, D 297-316 {see also 
various individual headings). 
Characteristic curves, C 21 1-216, 
Examples 23-27. 

at reduceti speed, C 221. 

universal non - dimensional, 

C 228. 

Characteristic discharge number, A 56, 
C 228. 
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Characteristic head number, A 56, 
C228. 

— performance numbers, A 66, C 228. 

— shape number, A 69, C 228. 

Check valve (see Reflux valve). 

Choice of pump and equipment, 13 63, 

64, D 297, 299, 300-303, Examples 
8, 9, 37. 

Circulating* water pumps, D 342. 
Closed-circuit testing systems, C 175. 
Closed-throttle conchtions, C 206. 
Colorado River Aqueduct, D 336. 
Combined self -priming pumps, B 156. 
Condensate-extraction pumps, B 145, 
D 344. 

Conditions of service of pumping 
plants, 1) 297-303. 

Coriolis acceleration, A 18. 

Corrosion, cavitation, C 256, 257. 
Corrosive liquids, pumps for, B 146- 
151. 

Constructional elements of pumps, 
B 66-68 (see under separate head- 
ings). 

Control surfaces, A 29. 

Cost of pumping, D 298-300. 
Counter-rotation, A 23, 41. 

Couplings, flexible, hydraulic, etc., 
D 284. 

Crane, travelling, D 296, 313. 
Current-meter, C 179. 

Datum blade, a 9. 

JJeod hoad, 0 161. 

Density of liquid, influence on pump 
performance, C 230. 

— of water, pa(je 480. 

Depression head, dynamic, A 27, C 251. 
“ Design ” conditions, C 159, 186-201 
Design data for axial-flow pumps, 
B 109. 

borehole pumj)s, B 137. 

centrifugal pumps, B 90-95. 

mixed-flow pumps, B 106. 

multi-stage pumps, B 125. 

Design, general problems of, B 62-68. 
Diagonal-flow rotor, A 30. 

Differential pressure -hoad, A 20, 21, 
C 247-251. 

Diffuser, diffuser-ring, A 44, B 122. 

— typo of multi-stage pump, B 1 1 8, 

121 . 

Direct-coupled pumping-sots, D 284, 
etc. 

Direct-current electric motors, D 277. 
Directive sui'facos, A 29. 

Discharge number, A 66, C 228. 

Disc friction power loss, C 189, 190, 219. 


Diverging passages (recuperator), 
A 43. 

Dock-pumping plant, D 319. 
Double-entry (double -suction) im- 

peller, B 69. 

piunp, B 71. 

Drag on blade element, A 39, B 110- 
113. 

Dredgers, suction, C 235, D 348. 

Dry -motor submersible borehole pump, 
B 134, 135. 

Dynamic depression head, A 27, C 251 . 

— head, C 163. 

D5mamomoter, C 170. 

Effective ho»d, c i62, i 63 . 

Efficiency, A 13, C 164, 165, 186-269. 

— of axial-flow piunps, A 37, B 109. 

— of centrifugal pumps, A 13, B 91. 

— of mixed-flow pumps, B 106. 

— - of multi-stage pumps, B 125. 

Electrically -driven pumping sots, 

D 277-2*81, 299, 300. 

Energy equations. All. 

— loss, analysis of, C 194, 196. 
Engines, internal -combustion (.see Oil 

engines). 

— steam, D 276. 

Equivalent design conditions, C 218. 
Erection on site, D 352. 

Erosion (see corrosion). 

Evacuating appliances, D 292. 

— pumps, D 292. 

Expansion (thermal) of casing, etc., 
B 139. 

Extraction pump, B 145, D 344. 

F AULTS, correction of, C 180, 181, 
D 357-360. 

Feed-pumps (boiler), B 117-126, 138- 
144, C 163, D 315, 346. 

Fire-fighting pumjis, D 347. 

Floating pumping-stations, D 348. 
Flow ratio, A 52. 

of axial-flow' pump, B 109. 

of centrifugal pump, B 93. 

of half -axial pump, B 106. 

influence of, on performance, 

C 198. 

Flywheel, for reducing pressure -surges, 
D 334. 

Foot-valve, C 263, D 290, 305. 
Force-pump, D 313. 

Forced vortex flow, 3, A 15. 
Foundations, D 286, 352. 

Francis -type rotor, 13 99. 

Friction -clutches, D 284. 
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Gearbox, d 285 , 300, 307, 310- 

312. 

Geometrically - similar conditions, 
C 169. 

pumps, A 64, C 224-227 {ftee also 

Models). 

Graphical plotting of energy, A 12, 
C 162, 194. 

velocity, A 10. 

water-hammer effects, 0 269- 

270. 

Gross efficiency, 0 165, 

Grouping of pumping units, D 318. 
Guido-l)eariiigs for borehole pumps, 
B 133. 

Guido-ring, A 44, B 122. 

HaLF-AXIAL pump, B 102, 
D 308. 

Hoad, definitions of, C 16-1-163. 

— differentia], A 20. 

— suction, C 245-256. 

— number, A 56, C 228. 

Heat-resisting materials, B 140. 
Horizontal con tnfugal pumps, B 70, 71. 
Hot liquids, pumps for, B 128, 138-145. ! 
Hydraulic couplings, J) 284, 321, | 

Example 36. 

Hydraulic efficiency, C 164, 193 {aec 
also efficiency). 

— ] lower loss, 0 193, 194, 219. I 

Hydraulic-storage plants, D 349, 350. | 

— — jmmps, B 157. 

Hydrogen-ion concentration, B 140. 

Ideal efficiency, A 13. 

Impeller, 4, A 7-27, B 69, 92-95. 
Impure liquids, pumps for. B 146-151. 
Inclined axial-flow ]jump, B 103. 
Incroased-flow conditions, C 202-216. 
Indicating instruments, D 294, 295. 
Inertia pressure, C 260-274 {see also 
Starting, Surge, Water-hammer). 
Installations, 1) 275-362. 

Installed conditions, effect on jierform- 
ance, 0 238-259. 

Instruments, 0 167-170, D 294, 295. 
Intermittent pump operation, for 
flow regulation, C 241, D 336. 
Internal-combustion engines (see Oil 
engines). 

Irrigation pumping-plants, 1) 306-311, 
348. 

Iso-efficioncy characteristic curves, 

0 222 . 

Isolating-valves, D 289, 319. 


Labyrinth seal, b 84 , i 42 . 

Land-drainage pumping plant, D 307, 
312. 

Lantern-ring, B 85, 143, 151. 

Leakage power loss, O 191, 192, 219. 

— methods of control, B 81-84, 120, 

124, 139, 142. 

Lift on blade element, A 39, B 110-113. 
Lined pumps, B 150. 

Liquid-ring pumps, B 163, D 292. 
Low-lilt pumping plants, I) 306-311, 
Example 37. 

Manifolds, d 288, sift. 

Manornetric head. C 162, 163. 
Manufacturing considerations, C 65, 
I) 301. 

Mechanical friction power loss, C 188, 
219. 

Meridional flow, plane, velocity com- 
ponent, A 31-33. 

Measurement of discharge, C 174, 169, 
179. 

— of head, C 168. 

— of power, C 170. 

of pressure, C 168, 176. 

— of sp(*e(l, 0 167 also D 294, 295). 
Measuring tank, C 172, 173, 179. 
Meters, C 174. 

Mine-pumps, B 129. 

Mixed-flow pumps, A 28-34, B 99-102, 
106-108, D 308, 311, 312. 

Mobile pumping plants, D 347. 

Models, tests with, C 184, 226, 237. 
Motive units, D 275-283, 299. 

Motors, electric, D 277-281, 299. 
Multiple pumps, C 243, D 300, 319- 
322. 

— rotors, B 114-127. 

Multi - stage pumps, B 117 - 127, 
D 345, Example 15. 

ISIhgATIVE suction lift, 0 255. 
Nominal specific speed, A 68. 
Non-dimensional chara(;tcristic curves, 
C 228. 

performance niunbers, A 56-61. 

Non-ov^erloading power characteristics* 
C215. 

Non -return valve (see Reflux -valve). 

Oil engines, D 283, 299, 307, 308, 
312. 

Oil pumps, B 148, C 230-234, Example 
I 28. 
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Open-circuit testing systems, C 172. 
Operation of pumps, C 239-244, D 351- 
356. 

Orifice meters, C 169, 174, 175. 
Overall ofliciency, C 165. 

Overloading power characteristic, 
C 215. 

ACKINO for stuffing-boxes, B 86, 
144, D 353. 

Paper pulp, pumps for, B 146, 148. 
Parallel arrangement of rotors, B 1 1 6. 

— o|)oration of jiiimps, C 243, D 319, 
320, 346. 

Performance of pumps, C 158-274. 
Pipe -line, pumps for, D 322, 323, 325, 
Example 43. 

Piping, D 287, 288. 

— effect on performance, 0 161, 163, 

238-242, Example 32. 

Positive pumps, 1. 

Power computations, A 13, C 165 {see 
also Chart facing page 480) 

- losses, V 186, 219, 225. 

in borehole pump transmission 

shaft, D 316. 

Powor-oporat(Hl control valves, D 289, 
308, 330. 

Pressure -distribution in rotor passages, 
A 19-22, C 247. 

Pressure-distribution in volute, B 73, 
C 207. 

Pressure-gauges, C 168, D 294, 295. 
Pressure-surges, 13 326-337. 

Pressure -waves, C 261-274. 

Priming equipment, D 291, 292, 338- 
340. 

— nozzles, B 154, I) 340. 

— systems, D 305, 1) 338-340. 
TVinciples of Kotodynamic }>umj)s, 

A 7-61. 

Propeller pumps (i^ec Axial -flow 
pumps). 

Pum})8, definition of, 1, 2. 

ReCONDITIONINC} tho pump, 
D 362. 

Hocording-instruments, D 294, 295. 
Recuperator, A 42-48. 

— for centrifugal jiump, B 87-89. 

— for mixed-flow and axial -flow pumps, 
B 101, 105, 109. 

— for multi-stage pumps, B 118-122. 
Reduced-flow conditions, C 159, 202. 
Reflux valve, D 290, 333. 

— — water-hammer created by, 

C 266, 272, 273. 


Regulation of head and discharge, 
C 239-244, 289. 

Relief valve, C 274. 

Remote control of pumping plant, 
D 280. 

Repairs and renewals, D 361. 
Retardation of liquid column in pipe, 
C 260. 

rotating parts of piunping sot, 

C 267. 

Return flow through pumj>, C 263, 271. 
--passages for multi-stage pump, 
B 122. 

Reversed rotation of pmnping set, 
C 263, 271. 

Ring-type of multi-stage pump, B 121. 
Rotodynamic, definition, 1, 2. 

Rotors, 4. 

— for centrifugal pum])s, B 69, 92-96. 

— for mixed - flow and axial - flow 

pumps, B 99-100, 104, 108. 

— for special pumps, B 149. 

SaLVAGK pumi)s, 1) 347. 

Scale, effect on performance, V 224- 
227. 

Scale-model tests, (’ 184 {see also 
Models). 

Screw-iy])e puinjis, A 30, 100, 101, 

Example 13. 

Sea-water pumps. B 148, D 342. 
Sealing (liquid) of Ktiiflhig-boxes, B 85, 
143. 

Sealiiig-ring, B 83, 84. 

Selection charts for pumps, D 302, 303. 

— of pumps and tHpiipment {see 

Choice). 

Self -priming ]>ump8, 1^ 152-1,)G. 
Sejiaration of liquid (‘olumn in pip<s 
C 264. 

Series ojieration of puinjis, C 243, 255, 
I) 319, 320, 322. 

Sewage pumps, B 140-149. 

— pumping plant, 1) 312. 

Shaft, B 67, 80. 

Shaft-driven borcdiole piimjis, B 132, 
133,1)313-316. 

Sha|X' number (characteristic), A 59, 
B 04. 

for wntrifugal ])ump, B 91. 

fyr borehoh' pumj), B 137. 

for mixed-flow, etc., pumjjs, 

B 106, 109. 

for multi-stage pumps, B 125. 

comjmtation of. Charts I, II, 

facing page 480. 

influence on pump iiorformance, 

C 196-200. 
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Shrouded (closed) impeller, B 69. 
Shrouds, A 7. 

Side-entry (single-entry , single-suction ) 
impellers, B 69. 

pumps, B 70. 

Single-stage pumps, B 69-113. 
Sinking-pumps, B 129. 

Siphonic circuit, D 310, 328, Example 
40. 

Size of pump, effect on performance, 
C 224-227, 233. 

Skeleton (open) impeller, B 69. 
Slam-prossure created by reflux-valvo, 
C 273, D 328-333. 

Sluice-gates, D 312. 

automatic, D 330. 

Sluice-valves, D 289, 308. 

Special duties, pumps for, B 128, etc. 
Specific speed, A 67, 58, B 64. 

computations, Charts 1, 11, 

facing page 480. 

Speed ratio, A 62. 

for centrifugal pumj^, B 92. | 

for mixed-flow pump, B 106. 

for axial-flow pump, B 109. 

influence of, on performance, 

C 199. 

Speed variation, effect on performance, 
C 217-223. 

for regulating discharge, () 242. 

Split-casing pump, B 71, 97. 

multi-stage, B 118-120. 

Static efficiency, 0 165. 

— head, C 161. 

Stable head-discliargo characteristics, 
C 215. 

Standard conditions, A 55. 

— speed, (J 223. 

Standards of comparison, A 50-61. 
Starting the pump, C 260-266, I) 327, 
364, Example 34. 

Steam engines, 1) 276. 

— power stations, auxiliary pumps 

for, D 341. 

-— turbines, D 282, 299, 321. 
Stoneware-lined i)ump, B 160. 

Stopping the pump, C 260-267, D 356, 
Examples 35, 46. 

Strainer, D 290, 296. 

Stuffing-boxes, B 86, 86. 

for high pressures and tempera- 
tures, B 141-144. 

for corrosive, etc., liquids, B 151. 

Stufl pumps, B 148. 

Submersible borehole pumps, B 134- 
136. 

Suction dredgers, C 235, D 348. 

Suction head, C 246-267. 

— piping, D 287, 368, 369. 


Surges in piping systems, D 326- 
337, Exercise 35, 36. 

Suspended solids in liquid pumped, 
B 146, C 235. 

Switchgear for electrically -driven sets, 
D 280-281. 

TaCHOMETKR, C167, D 294, 
295. 

Tangential acceleration, evaluation of, 
A 18. 

— velocity component, A 17, 23-25. 
Temperature cliangcs, effect on con- 
struction, B 138. 

performance, C 2,34. 

Testing of pumps, C 166-185. 
Throttling, for discharge variation, 
C 171, 240. 

Thrust bearing, B 68, 105, D 315. 
Torsion dynamometer, C 1 70 
Transitory conditions (water hammer, 
j etc.), C 260-274. 

Transmission systems, D 284, 285. 
Transportable pumjiing plants, D 347, 
348. 

Transverse load on shaft, B 73. C 207. 
Turbines, hydraulic, D 276, 3.50. 

— steam, I) 282, 299, 321. 
Turbine-tyiie pump, B J53. 

Twin-rotor pump, B 116. 

Two -stage pump, B 119. 

Typical installations, I) 304-316. 

LJ NCHOKEABLE pumps, B 149. 
Underground pumps, B 128-137. 

Unit conditions, A 61. 

— speed, head, diainetcu’, A 5.5, 
Universal characteristic curves, C 228. 

— - flt)w conditions, C 217-237. 

Unstable head -discharge churacjtoris- 

tics, C 216. 

V ACUUM-BRKAKEK, automatic, 
D 329. 

Valves, D 289. 

Vaiiorisation, B 138, 0 249. 
Vapour-pressure of liquid, effect on 
suction lift, C 247-264. 

— of water {see page 480). 

Variable -pitch axial-flow ])ump, B 104, 

(J 216, D 300. 

Variable -speeti A.C. electric motors, 
D 278. 

systems of discharge regulation, 

(^242. 

Variation of discharge, methods of, 

C 239-244. 
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Vector triangles, A 10 {sec also Blades). 
Velocity of flow, A 8. 

— absolute, A 1 0. 

— radial, A 8. 

— tangential, whirl, A 10. 

Velocity distribution at outlet flango, 

C 207. 

in impeller passages, A 22-25. 

Venturi meter, C 169, 1) 294, 313. 
Viscosity, effect on pump performance, 
C 231-233. 

Viscous liquids, pumps for, 13 146. 
Volatile liquids, puini)s for, 13 138-145. 
Volumetric efflciency, C 191. 

Volute casing, A 45. 

centrifugal pump, B 88, 89, 

C 207. 

mixed-flow pump, B 99. 

Vortex chamber, A 43. 

— flow, 3, A 15. 

ATER, pliysical pro})ertios of, 
page 480. 

Water-cool(*d bearings, etc., B 78, 105, 
D 315. 


Water-hammer in pipes, C 260-274, 
D 326-337. 

Water-sealed stuffing-boxes, B 86, 
143. 

Waterworks pumping plant, D 321. 

Wear on pumps, effect of, C 266-259, 
D 360. 

Weirs, for flow measurement, C 174. 

Well-pumps, B 129. 

Wet-motor submersible borehole 
pump, B 136. 

Whirl component of velocity, A 10, 22- 
24, B 93. 

Whirlpool chamber, A 43. 

Width ratio, A 62. 

for axial-flow puni)), B 109. 

for centrifugal pump, B 92. 

for mixed-flow pump, B 106. 

influence of, on performance, 

C 197. 

Works tests, C 171. 

2eRO - DISCHARGE conditions, 
C 206. 
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